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ABSTRACT 
The Objective of this thesis is to obtain an understand- 
memor une variation in stress on the cardinal axes of 2 
eee cular penetration with elliptical reinforcements in a 
Eemviated stiffened cylindrical pressure vesssl. The size 
weoeiocation of the circular penetration is such that the 
Meuinviity of one of the ring frames has been destroyed. 


ie Oiaxial compressive Joadins of pressure Veo. 
Sen obtained by superimposing the stress distribution obtained 
Memeo ires boundary with @ loading paralls] to tne yine {eee 
Beaeteocnuins noop stress and the Stress GadiStribuLion Cotainea 
teeee 2 loading at right angie to the ring frames representing 
Hemcivucinal stress. 


By & systematic variation Of the reinlorcensil, 2207. a. 
Pwemwvoc wWelsht of reinforcement material, the relations iia 
between the stress concentration factors, geometry, and weight 
Seeueria&l] nas been investiseatsa. | 


Tne photoelastic metnod of experimentalectire secu yea. 
fetomcuoser 2S the means of Carrying cut the investigetion. 
The standard crossed circular polariscope was used in studying 
Mae tSOChromatic fringe patteras. 


The two dimensional models were constructed with P5~-5 
maberial from Photolastic, Incorporatsa. All models Ver2 eos 
upon a basic foundation of AN x 4 x 3" material with a 
centrel J4" diameter circular hole. 


Tne effects of the various seometrics end Vers oor 
Petmiorcemont. were investieated by USine@ Uires Peciem ota] 
of geometrical shapes in which a sequence of five stepvs in 
the reinforcement thicknesses were made for eacn family. 


For tne particular series Of Se0nesries Ityos.t 2a. 
Ween best geometry for the reinfercemsnt tee tne cl yeute ee ee 
Vemeen consisteda of models 4, 6, ¥Y, I2; andes. o)- ¢- 2. 
Snovs tne lowest stress concentration tacvorse Jor a given 
bagerness Or welgznt of reinforcement material. 





A comparison was made between the stress obtained by a 
Strain zase and the stross obtained by pnotoelastic analysis. 
The result snowed closes eee ele fl NG Oetvecn tne tro techniaues 


of experimental stress analysis. 


mee cOMpidCated inberrelatronships of all the variabies 
eae mee sp pecily the Spc ne bes associlatsoa ae 
ress 


indicate that todey each. specific configuration must bo 
meeiyzed On an individualsoasis. 


To attempt to interrelate such pSrameters as pressure 
fereoel! thickness, frame size, frame shape, frame spacing and 
Memieuragion Size in order to cbtain an ala inc isivercesicn 
Mmeeeecaure i0r optimum reinforcement would appear to recuire 
Sreextensive model testing program. These results might 
then serve @s a basis from which to devise design procedures. 
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I. INTRODUCTION 


Maen vresence Of a circular nole ina flat plate loaded 
fiecS Own plan? results in an increase of the stress 
eoncentrétion. If tne hole is small compared with the’ lateral 
Gimensions of the plate its effect on the stress distribution 
Will be nearly local. & finite plate with Jateral dimensions 
Several times greater than the hole diameter is of adequate 
Size. The effect of a suitable reinforcement of the hole is 
Mer agecreass tnis stress concentration so tnat when tne stress 
mn the plate is nowhere to exceed a given value the presence 


om tune r 


9) 


aniorcement results an @ decrease in ie Decco ous 
Wedeh, Of the structure. The design of a reinforcement is 
Gneretore an important problem when the weight of the structure 
must be as low as possible, as, for example, holes in pressure 
hulls of subnarines. 

ihe object of this thesis is. (0 Obtains 2 ones 
Of the stress variation around a circular penetration with 
eaeapbical reinforcements In 2 framing SVStet Sup lected Mloe 
ieaaine that is reoressntavive Of Ghat present an 2 presoure 
vessel. A pressure vessel was simulated by loading the model 
im line with the framing system to represent hoop stress, and 
toen tLurning the model ninety cegress 270 appt sea 
Edagime® SO 42S to represen. Jone Gudine stress. 

The ratio of the superimvoosed stresses on the vertical 
and horizontal axes of the frse liner circular pounded, 2 
considered to be a stress concentration factor that indicates 


the efficiency with which the reinforcentiens materia iea2- > ew 


Utilized. Ideally all the components Of a structure work at 


Se. 2 





Similar stress levels so there is no wasted material 
capabilities. 

In recent years the advancing technology in several 
ercas has required harcware in wnich large penetrations 


have been neeced ina stiffened c 


Sx 


lindrical pressure vesssl. 
Most of these applications have been in systems that are 
weight limited with regard to the amount of material that 
memos placed in the structure ltself, thersby detracuing 
meoin Lhe desired payload of the vehicle. Even with the 
pomemt Of high strength-to-welgnt ratio structural materials, 
the need for optimizing the geometry of reinforcement is 
amporteant so that the material is utilized in the most 
Peerrcoa2ent manner. 

The photoelastic stress analysis technique was chosen 
for this investigation since it provides a means of 
Geternining ners Tr eseee in two-dimensional problems that 
foro be solved analytica@ly. The results obtaineble neve 
an accuracy in irregular members that is comparable to the 
mesults Obtained with precise strain gpese techniques. in 
Boe process of developing” a satisfactory des iene wrotcc su iC 
analysis provides a means of readily obtaining qualitative 
results for the locations of minimum and maximum stresses 
and for the determination of changes in stress distribution 
caused by minor alterations in the shape of the model. 

10 permit the use of two-dimensional pnotoelasticity, 
the assumption that the radius of the pressure vessel is 
melatively large with respect to the Trance specins ase eecn 


Hage. OoOmall radii cylinders would probably requ 4 Gi guc 


=e 





of three--dimensional photoclastic analysis. This technique 
requires tns freezing of the stresses in the rodel and thon 


4. 


subsequently cutting the model apart in order to view the 


photoelastic analysis, the effect of reinforcements ina 
biaxial Joading condition. 

in order to investigate the effect of reinforcements 
mat tormed part of a simulated stiffened cylinder, three 
families of geometrical sneapes for the reinforcements were 
used. These reinforcements were added to three basic models. 
Hach of these three basic models were identical with regard 
memintact ring frames and the circular hole. Hach model 
mes DULIlt up from a four inch by four inch squere foundation 
piece that was one quarter inch thick and had a@ one and one 
quarter inch diameter hole in the center. Each model to 
whicn the reinforcements were to be added had two strips to 
M-wresent ring frames cemented to cach side near opposite 
eages Of the models. 

Tne geometrical variation in the reinforcements to be 
cemented in way of the central nole all had an inside 
diameter of one and one quarter inches to match the foundation 
Maecce hole. The systematic variation of the outer edge of 
the reinforcements consisted of three ratios for the major 
to minor axes of an ellipse. The ratios used were one to 
one (a circle), one and one quarter to one, and one and one 


half to one. All tnese reinforcements were 0.080 inches 


thick. They were cemented to their respective foundation 


aie 





MEeeeena analyzed in five steps which consisted of 2; 3, 
#4, 5 and 6 thicknesses. For further description of the 


models see Anpendix B. 


BS 





Il. PROCEDURE 


ome 


+ 


tie po hmery OO jecuaywe Of his thesis 28 to investizet 
fee estiess distrmPbutions around a circular penetration 
that is of sufficient size that it has resulted in a 
discontinulsy Mea Tingeerame Of 2 Stillened se. iaiicmuece 
Meoasure vessel, The pnotoelastic models which contain 
eee penictration include the two immediately adjacent 
Simulated ring frames. The speciric stresses of interest 
Semyis interior Tree boundary are those on the norizontel 
mmeever.ical axes. The vertical axis 1s the axis parallel 
mee vie iraming system. The specific vaives used in determining 
@ieerauiO Of the Stresses on these two axes are the average 
©: uhe two values on each individual axis. 

It was not. necessary to determine the stress léve is 
feviin tho model as tno region Of interest was the interior 
free boundary which will be the highest stressed material. 
The need to determine the isoclinic pattern of the model 
Dole snereilore unnecessary. On any free boundary, tac 
principal stress perpendicular to the boundary is zero, so 
Only the tangential principal stress is present. Tne 
MOchrOmaticsS On the edge represent) UMe principe des rea. 
Regier tnan the difference in principe! Stresses. 

The isochromatic pattern was observed in a standard 
crossed circular polariscopve using polarized lignt with 
a dark field. A&A more detailed Giscussion of procedure 
and photoelastic techniques is found in Appendix A and BR. 


The models were machined from Photolastic Inc. Ps-5 


material usins the high speed cutter in the Ship's 


x ee 





Structures Laboratory. Aluminumw templetes to guide this 
cutter were made using larger plywood templates on a 
pantograpn. A more detailed discussion of the staps in 
the preparation and construction of tns models is contained 
ireeppendix B. 

Bach model was placed in the loading frame described 
in Appendix B in which uniform compression was applied to 
the model on the upper and lower edges. The force applied 
tO the model in line with the ring frames was twice the 
ieree Qpplicd on the otner two edges wnosn the model was 
Peied ninety degrees. 

This two to one force balance was a simulation of the 
meme T1OnSshniv of whoop stressetowlonsitudime | Sstiress in an 
unstiffened pressure vessel]. Tne loads for model number 
one were 1,000 pounds and 500 pounds. For the other models 
this ratio of two to one was obtained usin (OO pounce ter 
the hoop loading and 350 pounds for the longitudinal 
Heraimes., iilhere was somewhat of 4 trade Ofi 2 one foaaing 
Values. Too high @ loading in line with the frames makes 
he estimation of fractional fringe orders extremely 
G@iiticuit while too low a loading in iine wag che Tranmes 
would give only a few fringe orders when this value is 
maived for the leading perpendicular to Une ivamce. 
Buckling was not a problem with the models since Gre 
sensitivity of PS-5 results in adequate fringes at a 
moderate.load. 

The need to estimate the fringe orders to the nearsst 


Oné-quarter order led to the use of Polaroid Type 55 P/N 


a oar 





film whicn gives both @ positive and a negative. The 


40) 


Mesgecive was projecved OM & screen with an overhsad 
projector so 4S mmo magnify the fringe pattern as an aid 
to accurate determination of the fractional frinze orders 


emecne circular hole axes. The values of the fringes on 


d 


the axes and tne respective stress levels are given in 
Tables VIII to XT and XVII to XX of Appendix C. The 
photograpnic records of the fringe patterns are in Appendix 
Mee Ficures XVII to AXAII. 

Pe Soe ,ermine the Trinse consvant for unewmaceriade 
two disk compression specimens were machined. The fringe 
constant is a function of the material and the wavelensth 
Seepvos monochromatic light source. MMerene=yeerecen lisaL 
was used in this experiment. 

A more detailed discussion of the determination of 


the fringe constant is given in Appendix B. 








IIT. GRAPHICAL PRESENTATTON 


OF RESULTS 


a Gas 





FIGUrs £ 


obo 









IPO 







TOF 
? 







a 





2 
foe! 





OE GREES 





2 GO 


200 \ 220 /240 





/8o 


Ace 4/5/67 

8 6 4 8 0 2 "4 “6 "8" 10g eo 
TENSION ~ FRINGE ORDER - ¢ 

=+=-- 1000 LB HOOP LOADING 








oa 500 LB LONGITUDINAL LOADING 
or one eae SUP EHEOSITT 10S OF Zor 
| FOCOP Les BOUNDARY STRESSES IN FRING:S 
ee eee VS 

, ANGULAR FOSITION IN DEGRES 
a oo « FOR INSIDw GIRCULSAR BOUNDARY 

, () ~——_ 500 LBS 

> — ——— 


[ SES a BE I ER Te 
ot 


| | MODEL NO. 1 
~ co=~ 








PI@URZ 












MS S } 
9 yp 
N18 iy 
fone wy 
Pa 
" os 
wy =. 
g | 
(*) 
7 
i ie) NG 
f 1% 
! et 
\ 4 
9 w 
\ yO 
x 
A 
2 
Ni 
NN 
NX 
oO AS 
a — oe 
pee 
ee ed 
a 18 
ee nN 
7 Sy 
i oO 
2 — 
Ny 
ee 
er ~ 
one 
g . 
“ 
Oo 
N 
ye 
9 
ye S 
{ 
\ 
\ © 
\ w 
\ 
‘Io 
9 
X 
~N 
NX 
Oo 
tT 
eee 
aS 
J NY 
A 
/ lo ACB 4/1567 


8 6 d 2 0 2 4 6 8 10 #Jj2 Qs TEs 
TENSION - FRINGE ORDER ~ COMPRESSION 


~eeenwe= 700 LB HOOP LOADING 
~ a 450 LB LONGITUDINAL LCADING 
SUPERPOCSITION OF BOTH LOaDINGS 


7OGO LBS 
BOUNDARY STRESSES IN FRINGES 
yo Vo 
ANGULAR FPOSITION IN DetGraas 
- s 550 LBS FOR INSICLE CIRCULAR BOUNDARY 
rn 


MODEL NO. 2 





Be eZ 1 — 








i | Ae 


SLT 3 re 


fi 


fi eee P)-- 2 -- 1 = ——_ mane = = ea - ee er eee a ny i re ee re ee en err nace ape HG Het en ~--4 


: PPSSINSHHL LMAINGZISOAM SS SO UTININ - 
7 oa ue ea by cae hoes | 2 y % 








? 


i, j \ bt a } } et ee een Vine pt } matt. ' e i i 1 


vy ; ~ 5S - L : . wea SS eee ee eplag. amelie. «~ era = '- = + tent aorta eae wempon® s Seen eS = ca : a Stel —= -2—— =-- a ete la et etic ee lit - . — ++ me - wt 
E * . ’ 


7 j : 7 t ss Ms 4 ! * A Ske ; iu I 
’ . , . ' 
' ' ’. , F ‘ i 1 > ‘ 1. 
ua my een ; a : WN aie - ————— , 
4 - a - : - <2 - — eww er we oe —— —— = — te _-— ’ + . ae ~~ - - - - ~--+ —_ = - — : a —_ = =~ . = + i i = = = -_— 

Ne . : ‘ jt . ' : ' ot ; , : , . ii t ; 
‘ 1 D 1 , ) : Pp : i ; 1 | ; It ' A : ; | 

. . + : , . 1 a ‘ ; 1 eA eas ry . ‘' > . r iii 7 

° * my , ’ . 1 ' tt 


{ ‘ : ; 
em | 1+ Lia ! i f | \ 
~ R dif ' 1 | i 5 » 4 - 
C3 | L ort Pe : | ‘ | ye wl van a A ae or 
: “ ~ ~ — fee te eine ; — on en ce - — ower — a ae = — a oa = ae se cw lenranpare Se: sows waeben_ ae owe See te a tetaviehnens bmn oneene SS ee + me poo — poe wee a I — 
— i - - =~ ~- _ f. ee lr en? mrt — De aaa ~~ ; : rs | Vv. 
Bay | ae : ! | 
he i ! 4g { ay i : 
I t 4 ies 1 

, A — ' — ~ 4 -— ~ ° 
fm | ror . = 7 a \ | - 1 ae Sa ins 4 ee ¥ “A , 
“ peal ae : — a9 : a |e : 

t : I |: 1 | a My , .? A 
1 ! iy | ' : Liane } | 
oj I t 
: 5 br 
it at ' ! } 4 { | \ 1} | 1 i | 
Ps I = Seer ey eee Les ae ee ee Se ee fe, eee ge ea ey ee ae A 
ed | r | { iy j i ‘ 
~? i ( a, yes 1 | . | a : 
: { j ; | { t ' { 
: in 
aS 


Nee 


Be term LO . 


ONG 


bs Mey 
+ i 


t 
t 


{ 
‘ 
i 


wti 


i 






s 7} - Ss 
a LBalen 1 
_ . lj | : | 
mil ; i hes ie ‘ 
, | e \ ( F i . ’ = ~ ee ee ee 
‘ -_—~ - r - * “e-em + -- lee we omen ape ame oe meters 10, wage! wn Oe tel ae ee fone amet a een ety am Soreie eh age any yee orks Se ee ee oe e on eae 7: =~ « = pS § ote oe 
ce Pa i —e-ece t : “ar a ee iS 


4 “ht, 


1 
i 
< 
‘ 
ie 
J 
{ 
{ 
i 
1 
mi 
{ 
{ 
\ 
1 
t 
} 
t 
' 
t 
\ 
i 
{ 
i 
| 
| 
| 
| 
oe ro jf ' ~ he ae 7 
a =a ih eee 7 
( 
} 
{ 
i 
: 
| 
4 
! 
1 
4 
{ 
\- 
e 
{ 
t 
i 
1 
i 
h 
: 
j 
( 
} 
i 
} 
t 
{ 
j 


J 
ore ete en + ee Sk 
~ 





VoL Diva | MOALG FL NBIONOD 


; i { i hs : , ; ' 
, P ee : a 2 l ail rf eis nae 3 , p fs ; , ; 
ae - a oe 4 : : 7 >» f ? , i j { ae 4 ; ~ ' 
4 i : : ‘ \ i , i } ee I ae _ : = “ ae | 
y? = ee eer et — _= te - a a + 37> Se I ‘aon = (roe a oe = eae reo . Bae aa : sree aonb padi j 
- { e (a : f >: eee a ee. eae a 13 : ; oe j or an , fel alte : : ines ; ‘ Par : a4 ; , 
, { } 1) \ »]> ay ae i} ' , ; 4 z jou : - 2 
— ' : ° > + 1 . . - , . 2a - ¢ } + { , en ta" : + a4 ' t ns * ae } t ; ‘ } f =i ; 
: ’ ' nee Cee aes U | 1 et cet of het fm me 6 5 aR i ae Lge | j ly | 7 ; 
C> i = ee a 5 te a ee en "pel ree] en ee ae ee ee eee — ee cates oe i oo, ae Meth ee ese ine Sanaa aoe ae 
i ; sea er 1 i . 1 ‘ . { . isc 1 ! Lee: ’ ; } : \ | + t | 4 4 ‘ P \ 
t ‘ i ° > ans ; , | js ’ ate | A : j ‘ ; fi } a t | ame 
: : : ira ' ie hy og tf Leen | } | Pert Ali is : +a | J 
{~<, ' j { \ ; tm { t j y | an | | tj ‘ > t | { : ' 
4 : = = - ie aaah -_ oe. , eee ee Se ice t | ae = a = oe — ae ; = ne = 1} = = 
Ge, ' rie | ar ; | iesaleee| my Me : | : $ t 1 ¢ | e 
' , fh 4 Pca. Sif 


| 
} 


‘ ; ’ + ‘ } ' “ j 
— —_—— ~ wed eam - © nk = = -- -_ a ~ ee amtv< fron welenye aoe. = ie oat cnet ere pte abe memes mMicT a Ss oo me! 17 pala eal we Ai - 
7 Sh eens re Sorta erie . | jee Eee { 4 | , ' , , ’ 1) coe ‘ 
ipl i : } : ‘ . Tis oak by 1 ‘4 =i } } j ocd ty { ' | . Pre a , 1 } ie NS i 5 ‘ 
' 


} 
: | ar | ral PA bidaiaae | tte 1 ae ee van ea teie || Pete (chy es va 
+ : ae , ; } ier ( at] id a Ae 14 

' 


a = ae = . eee _ ae ‘ ttt tb t ie abet | cae ee ee ed p 2 mae ta dn =e ai tadee re se - — | Pg 
| ' I ae S . 


, | , , , , 
x i hr an i, = + Favelet oe F ~ i 2 ye ee re me eens ee me ~~ Ee +. - —S— - — ~—— — i ee ee ee eran a re ne a ee eee -—<—~ 
— i z io a b i " , A P ] ’ = 
- 3 ;y | : a to rs , ' || 
; as a be | ee ine » ae 
; 1 I [ . |= as | 
| { 


sunail Breda ce Re | en, rem auntie” ae cr PS gees Ra 


': * , cee - = : I a 4-4 - one Sa 5 ' 
“| i : ; ern i. ; A ! i ; ij se et eh : #. sel Siem i i 


= a - — = — = eee © oe we ee i amainn se ee « Jee ef Mme hn ee sete - ee ne enere = ian ame = (ee . a - -_— ee Se Pes casts a aces ee C tame Ran a ae ene 
VII 12 ae os , ce aan a ee 
, a Aub k i 3 j H ¢ as ; : aesp Y 4 ; ane p - 4 4 
! 1 I . f . . : . 4 + , one - 4 ’ 
i i i | ' i - \ Ree abo . " > : ; ,t : , ' | + | 
_ . — = Se a So 5 ee od - , a a + - ee om aoe rane = a = ie - ess = —_— oo} 
La i . > aes 3 a 4 : vote : ‘ ; + 4 
i . | rie Hea } A : ; - 7 | il { 5 + j! - Se : ° i < ; — | | 
1. ie , . _¢ ul 1 t t I : ; ! a: ; ; ai 
z : : , yuo: i . i y { i : t ‘ ] \ f ; le J it 
; ’ ’ mt ; Be acd t te 5 } iy } 5 : i i> : ' : { : 1 ies ; \ : : } 
/_ -_ = - * ae eee ee = et -- - ne a ee ee tte ee ee ree eee oe A ee coments ne bt ete er ee ee = tet ttne qe = —— Se ee re ee nen ee ree ee a ae ar a Oe ner ee ne ee ed = 








ey 


a 
a 


i> 
eC 


GU 


f 


E 


t 


oe = - —_—— _— a ~- ~ Ss se — 


we ee es ee re + ~em- - oe 


SASSANAPHL LNAN FIDAOIDN/AY AO YAGWNIN | | 












Sake 
= 3 . : ! ! ; 
iu y= S | ir | & eS v 
; - Y 
a 
C3 ' ! 
~2 a a = 
|X 
fr, i ma a. « < ee eo ee em aes 
‘ 
Py 
ot 4 } , io 
meet — —— —-. = _ - — ee tw — et =4— = pao —= = 
on | i 
=i z DR SS Oe 
es ! Leeann |) i vue = 8, a | ae | a 
rT Gai? Wl ee eee ee ee eee = oo: — — 3 “- — — = v 
ela Lae : A elles 1 t ate Te ae: i. , i 
; ; ok : my cs : ; av : , ht ‘ ; a ' | - : Se a fe - 7 ; ; i 
t z i | 1 Rojee! ee a ; ‘ — i eet — 5 
al ‘ | el lee { i \ 
- ‘ t ; ) 
f tt | i 1 . t ; , { | 4 | t 4 ° t YW 
: ---= — ome Ret ee ep ee 8 en ee eg Women wer aa We tee ete ae Ssanden es eaperaery at ten pere == poli = 4 eal ee eee et = a as : 
wale { i { ’ | i 
Sih ; 7 
{ 2 
| 
mm | LA 
7 -—— + - . - <a e —<— ~ ——_ - ee —< — —_— - a — -——<—<- = v—*. = an eneraate poier—aiae “ — hee ~ PF re ee ee ee aa eS ee ee we ee —-- = - . . Le ee we — —-< a ~_ ; me : 
}—| 1 t } \ : oa 3 
t ; . | © 
< carat ‘. pean : S a 
sy <— is 
: : N ray} 
~ ' 
oh Se et ai a ees | mee : ee oe a - 
se j = ‘ 
= i | 
é' : t z | | 
42 om ae — = led 7" — “A oe sh — a Q ’ a _ me 
7_ ' | f sO 
a : | > 
3 =~ = ee eee Sea ee ee ee a Es C ‘ 
{ “4 , jaa 
—j: “a 
a S 
s ——— 1 =e see nS 
rm. 
4. ° _ : F . oe t { ' : ' ~ 
i i » a eee ie | . Lee it a aF 
ON a A Ne pre oteltans ett I te tL ei ee = ee... é I a 
aay ey 4 Tne ri © a : 7 7 | 
e a . j ’ - | (2 ; inne? ; J Lae 8 iy ee outta t 1 ' ' “A 
aie. eee eal oe ane | tS ae Peete J! 1S ee eee) ~ 
? Oe meae|torhiit a mI —_ rif 38 
i i ) be : ‘ | t al Sha ‘ 
-_ ; bal If iy | ie 7 So { , a 
Gi - we ae -—— — wr ete be eter = penne = 5 ee er i og ample arte ays ee rnere nn ae - -_—- : 
i ; I 
i; ; 
t iy 1 { a 
Ona <a ie 
Ne) 
{ 





' [| .p4Weaw Fog CI NITE 


ee ee =e —— -— — wee eee 
» 





TOWLANTTA TIIWS 

















ep ww 






ene / - i / oe = eRe ae a ee a ~—- - pene ne seg ee sng, so ssc ss nese sas a ae -_— = ~ ~- = 2 - 8 ee —~ - ae iF ~ ee —— a me we ee _——— — me ee - ee oe, 
x 9 / Si, LY el? | | 
fe ; 
*? - x ie ae. 3 
Sa SNAIL LWIW GF YOu WIA dO waIWAN 
t S 
Cr ¢ 9 be £ J 1 fs S a y 
ro 
» 
rs 
Fy 
i Py 
$8 : 
[ - ~~ = = ~ == ae} an - eh eee = -— = aie =. sae el ~<a oe - a 
eg! | 1p 
{—' : ; \ F 
— ) ad ee ee é apt | 
. 4 ” ‘ 4 | 
ct Weer. | f | bi fa 6 
eee | ee ee > ii ee Peet tl al Lee ee nie” lb eee , 
e.- i Hi ‘ od ‘ { 1 ane . oF) vw 
a> f 7 ‘ ' fl 
a 3 : ‘ - ae : , | ay if: b 
¥ i. eS to ty ee a | pie eee | 2 p 
ae = ee Cis E — es te ee ie le W 3 
ee a Hep la ; 
i! ie ! a | “a! 
J -— ee . mS ALY se aon Wola ae Le Se ee ee ee ed - wy 
~, ' < \ a 
t ; , a 
at! eS L a ae Si ises ees = eee ee eens a > : ee —_ pepe meee = \ F : is 
Lou ae : | tum 
fx; | | | , . | 
a —~— = = ed _ =—— SS eee - ee a yes a cee aoe me Cuneo Ome eee ee =e mamas mites <o| éeavhem <— wae we Ped . a be oe ] 
Ee —} Piya ) ' | -b 
- = ' 4? 
rat’ Led es § 
: a : fase 2h = = = ee 
i ot ¢ ' ai { ; ™ ‘ ' 
= a ; } } ' Sit $ 
, F ‘ t ‘ ; 4 a 
et eee ae es = a : _ Lit eee ee oe Bers im t Ms 
S at-* ; MME ICES oS a ee oe - preeei—a --- |= - . ~~ eee «| om a en 
ip) a { ee ' { 4 | : 
| tl , ba : i x 
ms ee A =a = ap Sere 2. 
A aoa ; : are 
— S ' J ts 
, } t \ by 1 ' cote Les ; ior 4 ' : 
) -~ ~~~. ow oe —- ~~ Waele © i ot ee ; te pe ge me ee ed ett ~ were - =o — ee oe - eam ea SS ~ 
t4 > : re t | fore : t poe i ~ + . ~L 
4 : fa ‘ ' 
eh: ec gn if tft la : 
es - sore f | 3 
¢ “i -_=— — - — J - | an me hee =i eee sa ee — a eo — pela a ae a ee pres ow arc ee ne ww) ae ee = | aa ~ on any oe j ~~ je - “Py — a ne 
ry ' ; a (ier . ae : i 
T+ : rms bree, | ‘ t ' © ' \ . ¢ tat es yeaa j ee ¢t 
, Pa ee ee a etre tii ht ae ob! 
ant Pee we ee as a ? oA OM AE ee ae =a iz e ae 2 \ eee ein ra 
(x | tre - an , pat 
< i | : I 1} \ : , \ + © } 
J ele) : oe . . a pad cn Lp te ase oo enn a 
ine aa. a a ti —— > ae eee meni es a re eg - ~ = =! Fee ine a. = loca i =m — == Fate A ice Aral oiled 
~ t q . i i > t . ‘ + 
{t4; oe .. é _ 4 t , ; i { | ’ 
c! Paap atin ar pe a ate ae ees 
4 ' , f ‘ i | 2 3 Po \ > i { 
pa | re: Laer 
5 ry ae ie ae ai ~ a sh stom ae = ———E ——, SS —— : 
; — = ae a a eae ae ass . : ee eee —_ en ee ee te eee st oe tt a em —_— | - 2 ee ee = or 
me ‘ 4 
3S | | " | 
b & s . . é —- 7 + . 7 
=) ae ee ale eae ‘e oe Oe 8 - nt: 
e SLI WI IYOANI SH Ne: ra =? \" ‘ ; yt: 
peas a Os + 4 elt : . 7-6 
SS . : , eo - ae Car ee, a t 
= -_—“ ee Oe - = — ee - wen ee we ene ote tS oe we an re Ce ne mete a a rere tmp me ee mere ps cee aes er watts a SF me Sep 
feted sat Wotld!TIS 2 ouv7 | = | ) | re 
. 5 t “f; c 
ieee i. } {| f o 2 S Ge ax 
oa - —— —- — = re hare ae = eer Ss = ss i ci ———— ' — —— < po —— 3 oe i -_= = = - : ~ enn 4 alae en me ey 
Bre - , | ° 2 mens : : ‘a 5 4 i , f i { 
wu | fe at ity: ms iL Ly =A bts hae -_ 
ee tee ! ! litt eee tea eh Ea Se wane ~~ ee eee a ere cence ee ep ——t ee ea 


etree -— = ee we ee ree aa ee ee lie (0 UM i re ee sage res ma ea 


ok’ 3 , | ro lat 





’ ‘ . ° 1 
; ; mi | : oe } } 5 ey 
i + al OS ee ee sie i 
= eS a ee ae ee ene a a 
ea Bs 11 eee ty 








Una Vi 


™ 
4 


nove 





neon ae oe <n - st et ee te me we ee me ee - —_— ~ —_— —_ — - - _ meme ee ee — 


Uh STSS INN DL 


Ld 


ANA FIAOYNIADH AO SASINAIN 


ae Ms E ieee 











| 
} 
{ = bs = hs 
| | 
I . ; § i 
2 “A on = - = i } : [ne ie 1 
Oe | ae Soe oT) T) ae Pr de tl al oat ae ae i 
Peer ee ee) 25 I ie : 
. at ' j 
4 . . i , . ? | 
Z = ied Le =a = ia eS ee cee ORs oy 3 bec cage 2 : ; < a am LE apa Soe erree: eo 
~ Loe BLVD Sa APANITY 7 A DIhANTTE FF mig rr. | & 
- % I roe i Bt ' r ; d x , - 7. ‘ ar 5 ' = bt 4 ! cia ; ; ’ . S a 
- = | ! ; ; i i i! $ ; : ~ 
ve SIN DMTIYISHMBDY: YOAMIHD 97° | il al 
| : m7 
. ' H a 
‘ 4 
“? ee 
a . ‘ 
¢ ; ' 
Ny 
| Sais 
< OJ 
y HE ry 
- < 
ie 
; za 
=) f= oe ate 
ss a 
) | Aa 
Ih. = 
: ee, | + 3) : 
oe ee alie Doe te, Se = 
: — | a : ees, Bi 
1 velo” el eee 
} - 4 Mw i, 
. . } See A ee - =) 
ee VOL WIL IICOD see oe 4 a iat 
1 *e ee a > 
s/n ; 
Ssh Me SIP IO INIZ MONS ree errr er is rea ee ae CGani tee Ne av” | Pall ioe : 
, | ary ; a ay: aa SrAlbemerniie tk by ar | fee. | ae be ; Y ‘a rth | | ; 
= Se ee re ee ee ee om - ceed — ewe =<? wee -_—- ee a = ee eet = ane to - ee ew = Se ee ee = rove com ma meme -;-- oa ao id ee = 
SA) chet) ee ee hea Lae | ea ae K Moet aT 4 t 
. ha _ oT ae | oe . mI leo Pa ‘ ae eel 
177 Yor SI SSAannrind ah he , ea, ha ae No ee ie | ee Pat | Smee. | ee ee 
ho le ae fi ee \ am ee sts oe ei phad eee P CIB w Re eli le ide a Vea) 
= — nent nee nn an mn perenne ae ae yee ae Sin ee rigs tor ae Coe eee a a ee” 
beim il ii ime a4 aa | eee A ce wed — thy tpi 
3 teat! | } Me re ett ae Sar ope 





rake ote 


Pos Tm 


i 


eer 
Sega” 


> 


J V 3 


US 


7 
sl aX 


o- ‘ 7 
. ) \ 
ee ee 


l 


I 


ws HP om Oo oe 


ee 
%y 





- 


s/8u™9 HOY es 


ay “ed a) 


QO2f 


SLNTIQ2Y OS WIFE NI WIddaldN JO LNQOWY 


SS Se A ee en ee ee we os oS oe <<) ~ - wee mewn oe ie a -—— - : - ~~ 


= ee -- mtr teee es - eee ew ——— —ts- — - -,4 —y— 


O52 O92 OF! oo/ oS’ =, 





rE 
a 
—— —— a — en eee _ _— =- -~ = ~ ~ ape canoe =e ee ~ os i Ieee et eo = -— 
; 4 b, 
ae A : 
, Nit i I t { | 
- es —- er — <aane gunn a cones, cote on! aoe elem a amt eres wey - wpe ante Aimy wasiom mae ee ~o - — Savion = = 
at { : 
; | | { | l | \ 
: : ao. =m -T, a ee: (ae t i | : , 4 
; - | whi ay i \ ti ) ' l . t { 
' / ‘ ; ' ‘8 ¢ , 
; | : f ; j ’ “A ; 
: ee it a = 5 a te = = = a | z eee el 
ee ear = , =e =e broad = = Y ' . 
; | | ~~ E 
= a = i Bs E ~ay : : Ty —e 1 
Wa | (A t 
ie 
ie a 2 eee | ee eee ae eee me : Zz 
t 
= 2 3 = = — 
oe ; y | ce | 


v. 


ts 


Ms 
>\ 
¢ 
sf 
) 

t 


va SY, sylvPZs wor 


mo san), 


V2Q9 od ae 7D a 


TWISPTLYW SO LNWOOWY . - 


ay 


WAL IDA 


{ 


Spe ne are? 4 — ~ - 
E 
i | ; 
i ¢ 
~ ay oe 
ow 3 
i a 1 ; 
+ }- : 


¢YOLIVS |\Worl WISLNAITSOD SSRYLS . 


F svad ut G 








, f i Z 
eae ace 4 = * we c a ee = 3 i 4 en ene = as “7 Se oe Bee pet omy “3 i = — <= = 
4 : 
, 


' 
\ 
f 
] 
ue to« 


h 


| 
1 
4 
j 


4 NMOILESSLNIINOCD 


+ 
-_—— a Sh ape ae eee ° 


t 
poll 
sant 

‘ 








- = = ve a = _ a ae ; 
i : 
t { g 1 f * 
Ne MS Sp cea Lt | oa 
| t } } 
j Um 
? i ; | i ; 
’ | el a \ 
—_— _ ~ I - { = : - = alae =e <p ie am - — eee ee oe et) - re ert 
i | } 
: t 
3 mee ; 
; ea) 
— a a — 
! 
—_ =——S a ee ae oo —_— -_ = o_o = . = _— -——+° = -_— = =_—_ ——_<- — } 
fs | 
+ are = 5 fe eel es = =: 
* 
: $ b 4 F] : 1 
. 5 ; ] om) ‘sl i ; Wa ee reer wee Let 
ise ~—~e ee e ae —— melee me em ere ee ee sam a —, ; 
i >: \ ; Vs ) Hey fi - 
} ae ’ ae 7 : 4 t Ms ' ' 
i : | Ly j ae a! Least ‘ | 
—-- ee oh _— jee ars leran ari cass —-~- -—- say 
= 





sy Lite 





pout! 














Piguet Vill 


i i ! aes i ly | ‘ , ' ir me 
tio ott ! r oo eta rade \ ' vat Sat Natt , Lf | a es + ¢ an. 
1 I s ‘ t a , ior i 4 14 ii 


ates - — oO ae ote ee = cone wy ene. fom ar ones meme ors Se ee ee = oa = ee UR ee Oh — ee a en eS pe a ey CR OP eee et ot ey es ee eee 0, 
or - - ~ ———— — a me -* nena weeme = rer a UW eae ee ern a oe « 7 "Rr aT 7 a al aod ; f aor : _ : 5 
a 1 
Te rs 7. ‘ , ' \ i AT ' i . 1 1 \ 1 : 1 ; 
4 —~ —- r ee 7 ~ ee , i F 
. i 1 4 ‘ ' 1 ' 
‘ : I 1 I I ‘ 1 | , ‘ i iy 
I I ; t 7 ‘ : ' | ! i 5 i I i : i { i. 
' ‘ ‘ | j . ! i in ; ‘es, é I ' 
i 1 ‘ i i i , p i 
‘ . . \ ‘ 


sabte cate “(survdg ) SLWNINFDYPSHDY) NI TWIIALYO FO LNOOWN de et 


OSE. GE . Ml ose is ih G02 OS!) A LN GOL. ramet) Os “VN emt eal) 


' ii " ‘ t i 
= - - - ~_— - - = - + = i = ie —— rt i——_— is 
j e 








ar aI 
a i 
Fomr I | } ; : | | ii j ' 
Crs i 1 | } | ms I; | 1 \ 
‘ UB t ! as 4 3 é et | po a . (Poe 4 - i" ze ea 
, : Er pelle a ae BE ch oe Se ‘ I , 4 
ae } I yy 1 f ‘ ‘ t ' | t 
a> ; ' } , ‘ : 
ae ee ie {| etl. = ie) | | 
a | ; ee ‘ a5. ! } ' | I 1 j ¢ ‘ 
~< ~< ~ — ae eee = = ee eas (eee so 4 et a ee _ = Pi eee a - SS SS — i= a eee ownranay = a ae ge at = et emcee aa — — 
= i | {4 { i i =! t | t , 1 — i if } i * 
-_—~ ‘ ae 4 Lj- To mete at i 1 am 
Re , T i ‘ ; | i ; i eae ae t $ 
t Ba: a tle py il oh i ie 
ee i a i oe, tn ! ! 
ay 2 ES = eres fe te as agence — tee te | 1 ape te —-_e a a ee — eae see Lag ees = , 
tit ee | Caen i ee: ! ! | | | 
‘ I t | t— { 4 +4 4 Tae , 
’ s~ -t 4 ' a } 5 } 1 ' 
= ‘ ? j Pn ae } j 1 : + ' 
ry } ese A t : | | [ea é ih oT ry i t | - +} a 
. £ +s he 2 { } 
as | ! : . ; ‘a i z —~ ac} ahem aw - = ~ — — = — Se oe weteceen ee ot ew ele eee Se ee ? ret wee me ee 





ee = a Cay “a 
‘ t — arf d 4 , | 3 =i at 
7 ' ' Set Rate. * Lf { ; { ve {_ ’ 
a 3 ped th ago Fahey ty ly oat se Ps 4 
: : - oe SA. Se pms PS Eg I net Ht ee pp vei be sis ; a! as pe) A 
a ! = ; , i See ee fe ee Ca ll 2 x ee ee ee Le, ee Nt idetere a aeicor ante [i eee eee aen: a 46 - 
es ee a tet rh ae ae ee a be 7 
i, l i tune : | = pe , : f I F a 4 a | t + : i S | { { ' = | + | } ‘ wilds 7 ae; i Bs i {| wi 1 ' oe ~ ; 
? i ! ee oer i | ij 1] a i tre ' yl dys ees Lo Tire ts: 7 ia red Hee i AS 
rae t ’ ; | ’ Tf } ‘ ' i | { Vy } t ‘ i | \ ee 1? ‘ 
3m font sl Wee I; ML) tam }) 1! aA eer Ft Me i eer t 
; : : po Le ee ; : ' oe ee el Sete aes mie ame pert oe greece Ren ea ~ = x a _ 
— : = = <j ot atone eo ie — cake 1 pre Ti a nee eee me tien ow meee oe sem een: : a a <s— ene ss not. ate mae ia ia Seam = j i i 1) 
Ps : ‘ ss t ; : oe ; ye : 
i= F ) t 1 { | ‘lJ 4 | J | i ty i Vs . : : i H ' my ee oipe | : LA 
= { | ; a ; 
mitt { Se Pateemets oS. 14 + ri 1 i \ ‘ { 5 h in 
4 ' | ‘ i i -+ | 4 { ; } 5 
> t 1 ff an mae 
iad | —_ -_ =— — | a ee oar ae pant et enliere ee te Mice Naar = = % - or =<, _ = —— 
f i I ‘ : i t ra } , . 
i | ee ig! Lat Y4 ’ 
4 ; , i | en) i, { \ t 5 rt ( ry | ss i 
t—, ae ke ' Leger? : : ‘ > ‘ 
I t \ ‘ é : - - ow aren poorarenle n tame — Se = oe —— — = res, 
es a ~ ie Arner er am 2 a wn > ae eS a ee i y C a i= 
i ont) 1 ones } { t eee a: 4 
aus : 1 aaah mee ly | \ , e Fe | 
' a 1 7 ij 
o 1 j Pe , if i i ; 1 | . 
ls iJ t : a he Oe UGS ae oe ; 
at +. on ni eu aaete iW ietiA i , 
#2: } ‘ ‘ { ! j q f ‘ ) 
- | =: , bs eer 
- 1 _ iy Cae cece owe ee | eee 
$ = — 5 a ee a ee eee ee ce kay oe.) vices ~ ol eee ene, eerie tlh Se ee ‘ : 
~~ . y ~ | al i. —_* et he ; i ie See. iy 
bs t i 1 i a q ‘ | F ; ; 
! } ‘ 











mt i aoe . Mesa eS 7 Teele _: wt a 
2 aa BERGA a) © |. sya? GS ° 
ee, — Se aS es ae age et ee te 
nj ae ct: aie " le li 
4 t { 


| 
' 
{ 
| 
l 
{ 
| 
{ 
- r 4a e ‘ : 4 ‘ : = —a"t ; . _—- 
c- ‘ ‘ = aaa RS : ae ; - : 
a i . ‘ $ ment: ae ‘ i 
« earths en ESN TE Dean ES he 8 NES ESS A RE EE GT A «i TS SS EAE IS SF NS IT BE STAT APES SE AT 8 NE 
: . a : = Sa Bs é 
4 i - - : 
- - ere . > ns 
= st 8 ~ — : = . 
: E 
es 

al 

! 


Eee ot ae 1 
Phong ee (dy 
| a a 
? 
, 


po , \ sisy7 artl SH : re 


{ 


} ¢- t o> wa) 
by et le \~ Sha | ae 
an Beet ee a 
if ; | ‘ | t , ‘ 
: + ett pe | ee ee hale ee ee pt SS Se eel ae mart ow = 

‘ aes 4 2 ! t t ; 


t 
Ha 


0! 


1777 
we’ 
eR ee ae 


} 


- 
~ bane 


SALIH NOUSYLANMAIVID 











_ ee mal 
’ > S S525. { mi ay | P| ei : | ee raed a 
: f a Re Pde Mi [ent LO ape a | OP ee. | 
" ro ob. ae = = mbt ea an aes ay : a oe ot ee aa 
= nha [ca eka ae eee wt Te | 
KW 4 DT Dr | . i 1 5 f j \ ier ; t+ ) 1 z 
awe ee |: ee) me tC, ME? 1a et a wD A > Z 
r--' + aS . re a, a | F \ | ! i Sa I ’ \ { | at i |e ie , } , b 4 | . as oi ons a 
: , 4 : FL a re a ee Se ce Te eens! Cs eS ae ee tafe caletentag ee ewan! whe a ee eet eee eet sc eae i x —bwie i\ . ~ 
i. 7 47 > WL WW aso i. AMNATAIN, T Saat “A ie {v4 ‘ aa 4 i “all i : ' a S| L at Ey i i) et a ' : . | / ol ! } 
MAES oe WET 131 witide Goh siiea BEN De Bator le ae ce ot Ve leet fo ee i i 
i 1 , F { ’ } A tele ' ‘ ; Ste "ide ait wea I ; : Wn ee } { e i. 1 } 
al tii d Jos eRe ae ole ee Nata {ania Sie! ee! 
iwit, ee memes Tit. “ag | i wie Bie Mel (tie i op ige chy ael 
La i } i ti $ ° ; ’ ao i ' i t ‘ 
APU ok a | foal a get Le , ye bi UTS ee ete ee A Ty 
Le pale nl ! tpt t ry aa 1 ty } : t aK { F ritlyy hat my | Spiereaa j ee : i y 1 
ee ¢ { | ' } { t ' Lae > Ta) | ae 4 a er . 
= nin —_—— =_ peer chancel eases or ee - ee ah Jaheim ean arm ee en eee tee eee Sterne mmm ml — <a sore wtealar, alenmence te cement ann am a 7 
‘ ' a ‘ | 
tpt es t ; | 


~ 27f - 





AYES 10. ON N_OF bP Rau Je S 


Pavan experitcntal gnvestication of any sort, the 
Peemracy Of the Pesults depend wpon the eccuracy of the 
Beeenvperimental data and its interpretation througn 
analysis. The end result of the analysis of these photo- 
iesouLrc models is a stress concentration factor which 
Pevrosents the sree to which the reinforcement material. 
Ieee bec Gistributed so @s to be utilized in the most 
Seervcisnt manner. 

The use of polaroid film which produces both a positive 
m@eea Negative has aided the determination of the fringe 
Orders at the points of interest. A magnification of 
ever ten was obtained by projecting the negatives onto a 
screen for analysis. This magnification effect was necessary 
in order to resolve the small changes that resulted from 
eee aoditional thickness of reinforcement on 42 basic 
family of models (le. the circular reinforced family, etc.) 
ema amonge the three families of models with the sams 
Momber Of reinforcement thicknesses. 

The negatives became progressively more difficult to 
Peel y 26 eo Successive layers of reliniorcemenG. Wercecemenled 
femme ci Or the three Dasie geometrical Slaves. iter em: ae 
eeve-tal likely contribuvins factors that increasea the 
difficulty of analysis. Any slight deviation from perfectly 
parallel light through tns model due to imperfections in the 


Srinding of the lens system of the polariscope would cause 


distortion of the fringes. As the thickness of the model 





Sjncreased with successive reinforcament vhicknessws the 
distortion became progressively worse. The glue layers 

and some sm@li entrapped @ir bubbles tendasd to recuce the 
ieee LransmisSion and thersby desraje the contrast of tho 
meouwosgrepns. Finally the slight misalignment of successive 
meomaorcemen. rings tended to obscure tne boundary Tringe 
Pautorn. 

By enlerging the negatives and takins into consideration 
Mememeeote Of change in fringe spacing as the free boundery 
weeemopproacned, the determination of the fringes order on 
meemaour cardinal axes was estimated to the nearest one 
quarter order. The higher the order at the point in question 
the more difficult the analysis of fractional fringe orders. 
One quarter order corresponds to an accuracy of + 5% for 
five fringe orders or £ 2.5% for ten fringe orders. This 
mecuracy is further impaired by the analysis problems 
Mentioned above. The overall accuracy in the stress 
concentration factors is felt to be within + 10% wnen 
considering all possible detrimental effects in the experiment. 

The experimental results for models one and two have 
been plotted to show fringe order versus angular position 
eomma unc entire free boundary of tne cirenwar ene le 2 aes- 
Peous in Figure I and II show the hoop and longitudinal 
loadings individually and then the superposition of the 
two. As expected the stress is compressive around the free 
boundary in the simulated pressure vessel. 

[The stress concentration factor for model one was ae 


53.f2. The addition of the four strips of material that 





¢ 


Peomreseit tie ring irages im model two reduced this stress 
concentration factor by 2@ sivnificant amount to 2.38. 
fais ian@icetes ameonsiderable assumption of the load by 
Phe ring frames througn shifting the load away from the 
circular hole when hoop loaded. 

moe results of the maim sedquence of experimenvad 
Eieestisations are plotted in Figures ifI through Vill. 
Mhese figures are for the fifteen different models which 
mage Up the three families of basic geometrical shapes in 
which a sequence of five Steps in the reiniorcement: 
Mmercknesses were made for each family. The stress concen- 
eee on actors versus number of reinforcement thicknesses 


for cach of the three pasic families of reinforcement shapes 


) 


mecmmlouved individually in Figures L1I tnrough V, and the 
mmeoo Combined in Pigure VI.. 

These figures show that of the reinforcement shapes 
Mm@eeculigated, circular reinforement provides the smaljes:. 
Seress concentration factor for any given tnickness. 

The stress concentration factors versus e@mount (grains) 
meiaveorial in ths reinrorcements @re shown in Figurss ai 
Seeevili. Figure VIL is with the first of the five steps 
in each family as the reference points, while Figure VIII 
has model number three, which was the lightest reinforcement, 
eeeeee reference point. 

| Clearly the circular reinforcements provide the least 
wetene and lowest stress concenuration facvors for unis 
Porsacular overall goometry of &@ neavy ring trame Suitiea se 


Cylindrical voressure vessel. 


a Ores 





ihe trend in the ratio of major to minor axis in the 
elliptical shaves indicates that to further approach a stress 
concentration fector of ore woulda require elliptical shaves 
meeeiach the major axis 33 parallel to the longitudinal 
Mees. Ine Closer tne stress concentration factor is to 
ome, the more uniformily the material is being utilized in 
Meamiorcins the penetration. 

[vem reaming system Of tne preseiire vessel wilt aiiec. 
mae Specific geometry of the reinrorcerant that will prove 
Memo ODtimun. Hhach particujar frame size, frame spacin:, 
Pear penetration will be a specific situation and foou me. 


Individual experimental stress investigations to optimize 


te 


Meemusas> Of reinforcement material. 

Upon completion of tne use of the models, a cut was 
feren tO truce up the inside of the small ellivtically 
meamrorcec model to permit mountings a strain gage on one 
Side of the horizontal axis. Une- model Vas Goel ea Came 
Hine with the frames and the stress level determined by 
both the photoelastic technicue and the strain gage. 
Surprisingly, those valves gave stress levels thet differed 
by only about 1%. This result showed a remarkable degree 
of agreement in the two techniaues of experimental stress 


analysis. 





V. CONCIUSIONS 


tee 


Por the particuler series of seometries investivated, 


Pee best type of reinforcement is the circular family 


@ 


which consisted of models JZ,06, 9, levsand 15e5 This serics 
Sows the lowest stress concentration fectors for & given 
thickness or weight of reinforcement raterial. The lower 
Boe Stress concentration factor, the mere uniformly the 
reinforcement material is being utilized. 

The problem investigated here has oveen the reinforcement 
Of 2 Gircular hole in such @ way thet it is as nearly as 
possible equivalent to tne structure without the hole. A 
perfect equivalence would mean tnat the stresses anda 
displacements of the structure would remain the same as 
those which would have avpeared without the hole. 

ihe trend in the relationship between seometrical 
shape and the stress concentration factor indicates that 
Tiemukely Orientation for a stress concentration Tractor 
Closer to one would be obtained with an ellipse having the 
Mejor axis perpendicular to the ring frames for this heavily 
Sstiifened cylindrical pressure vessel. As heavy ring 
fremes tend to carry more of tne hoop ijioading, it becomes 
mecessary to provide additional reinforcement material to 
eerpyspart of the lonsitudinal loadings if it 48 desired to 
have uniform peak stresses on the cardinal axes. 

A comparison of the photoslastic and strain gags 
techniques of experimental stress analysis nas shown very 


Close agresment between the two methods. 


es 








VI. RECOMMENDATIONS 


Pie results Or this investization indicats tnet fortder 


ee Sreestey De pensticiaw, 


cy 


photoelastic analysis in this gener 
bince the complicated geometrical nature of stiffened 

eyrincer frame and reinforcement interactions apparently 
Meecivace theoretical analysis, a recommended area of study 

Mew mish. will have preceded this investigation wauld be 
Memeenvestifate a sequence of ssometrical reiniorcements in 

a simuleted pressure vessel loading without ring frames. 
feemauperposition technique for representing the biaxial 
feeding would be used. These results would then be uncluttered 
merines irame sizes and spacing and might very well serve 
memeeDesinning step in ultimately devising aesign procedures 
relating all parareneree 


1 


ihe complicated interrelationshins of all the variables 
byes Ultimatsly specify the geometries associated with a 
Mem@esration in a stiffened cylindrical pressure vessel 
MmigreCate that today each specific configuration must be 
Beetyzed On an individual basis. 

fo-atvtempt to interrelate such perame (ers ee ec oa. 
wessel thickness, frame size, frame shape, frame spacing and 


Penmetretion size in order to obtain @n all inmeclusive Gdesien 


Procedure for optimum reinforcement would appear to recuire 


D 


an extensive model testing program. These results mignt 


+ 


then serve es a basis from which to devise design procedures. 
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h. SUPPIEMENTARY INTRODUCTION 





i. Fundanentals of Fhotoelasticity 


J 


Meny tranepecent materaais such as glass, baxelite, and 
Most other synthetic resins display tne same double-refracting 
mopicai effect on &@ beam of light as 2@ crystal when these 
Mmeperials are subjected to stress. Examination of these 
mee-osea materials under polarized light reveals colored 
meuverns which are caused by the optical retardation of the 
ieeot passing through the material. The retardation depends 
Sees Nature and intensity of the Stress. Upon removal of 
mes 10a20, the double refraction disappears. Teen sE eee Opiigae 
calibration factor (fringe constant) is obtained for the 
Paectiic material from a geometrical shape and loading for 
merch the theoretical stress distribution is known. 

For normal incident light on a flat plate sudjecued 
mem plane stress within the elastic limit, the light transmission 
files tv0 principles which form the basis for photoelastic 
Suress analysis. These two principles ars; 

(1) When light is transmitted through a stressed 
photoelastic material, it is polarized into two components 
at right angles to each other and is transmitted only on the 
planes of princival stress. 

(2) The velocity of transmission in each principal 
Pronew@et stress is dependent Gm tne Magmaaces Caavnec 
principal stresses in these two planes, 

For the case of light which is.traveliag in the normal 


direction to the plane of a sheet of photoelastic material 


- 955 = 





which is subjected to a condition of plarme stress, we have 
ime TOllowings quantitative rslationshnip between the stress 
and the optical effect in terns of the change of index of 


Meiraction caused by the presence of thre stress: 


8, =X, ~No= AG\+ BG, (1) 
So oe eee | Cy) 


Whisre : 
Oy eechanee, Of nerracvive index on Now tePreinegipe We lane 
Sa Change of Keiract ve Index en fon eer ieee 


Ne - Refractive Index of Unstressed Material 


Ny ese rractive Index lOn NG lel Pete tes elem. 


N, - Refractive Index on No. 2 Principal Plane 
aT => ine Dlecebraicaty  iarzor fr imei pel sero 


O> - The Algebraically Smaller Principal Stress 
£A& B ~ Photoelastic Gonstants of the Material 
By subtracting eauation (2) from eavation (1), one finds 
memo Oifference between the refractive indices On une Gwo 
Meincical planes is: 

6) 7 O97 Ny ~ Ng = (A - BCG, - 5) 
Ae eee eee (3) 
where; 

GC = The Differential Stress Optical Constant 

When light passes from one medium into another of 
different density, a change in velocity results. The ratio 
of these two velocities is called the index of refraction. 
By dividing the velocity of light in the first medium by the 
melocity of light in the second medium we ocbtein the uve 


Retetionships: 





ae 


ee ee, 


Ny= V/Vz and No = V/Vo (449,,b) 
moors ¢ 
VY - Velocity of Transmission in the Surrounding Medium 
ae Velocity Of irensmissio1 on the No. J Principal 
Plane of Stress 
pee- Velocity of Transmission cn vhe Now 2 Freincinal 
Piane Of otress 


By substituting equation (4) into eauation (3) we have: 


eee ee Va. Ve) . oe, >) 


Vn oo ViVo 
Mijereiore: 
- _V {Vo -V 
a aaa? (5) 


dnus the differences in tnevvelocitiesse, transmission 
i tne planes of the principal stresses is seen to be 
mereos.y proportional to the difference of the two principal 


aac ) i 
stresses (O75 O 5). 
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pee POlOB Scone and the Photoelast 
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The optical systen most frequently used to produce 


mae Necessary polarized bezgms of shh andsto interpiet 


Go seo led me. 


48) 
w 


fmm@e photoelastic effees in terms of stre 
Powariscope. A standard crossed circular polariscope with 
Une comoonents arranged to provide a dark field in whicn the 
Peck JSochromatics correspond to zero and integral orders 
was used in this investigation. The polariscope consisted 
meee monochromatic light source, collimating lens, polarizer, 
quarter wave plate, photoelastic model, quarter wave plate, 
mearyzer, field lens, monochromatic filter, projection lens, 
and a viewing screen to which a Polaroid 4 3655" faint de 
Mooei 500 was attached. The physical arrangement of theses 
components was as shown 4n Piesuces and 2. 

iis Relationship beuveen the eplicaieot eis ean aaa 
stresses existing in @ model may be obtained by analyzing 
the passage of light througn a plane polariscope. Light 
imeom the source is plane-polarized by the polarizer, taen 
revolved by the model into two components in the directions 
of the principal stress axes. When the principal stress 
intensities are not equal, the velocity of transmission on 
one principal stress plane will be different than on the 
Other principal stress plane. This difference in velocities 
will cause a phase difference between the two component 
vibrations as they emerge from the model. 

The phase difference is proportional to tne difference 


of the principal stresses and is measured by introducing a 


38 - 





er re me — EEE oo oo 
Le LL Are _——_—— ee — = 


polarizing device called the analyzer. Tho analyzer brings 
part of each component vibration lato interference in a 
pemgic plane. 

Consider & source Of monochromatic lizht at normal 
Mmacioence on @ photoelastic model. When the monochrowsatic 
meen has passed through the polarizer, the vibration is 
GOniined to a singie plane in the direction of and with 
amplitude proportional to OA in Figure XI. This light 
may be represented by the equation: 

S= acos(pt) (6) 
ao re ¢ 

mo - The Light Vector 

a- The Amolitude of Vibration 

fee rrooortona lity Faccor Of =ca 2 

[me rreouency Of Vibration 

t - Time 

When the lisnt reaches the photoelastic model, its 
plane of vibration will usually not coincide withn either 
principal plane of stress. Since the stressed model can 
Gnily transmit Jisht on the principal planes, the original 
Vibration will be resolved into components as it enter 
the model. These components are: 

acos(pt )cos Parallel £0 the Noes ip miee toe er dane 

acos(pt )sine Parallel to the No. 2 Principal Plane (8) 
where: 

A- The Angle Between the Original Plane of Vibration 

ane une Wow Prine 1 parle | 


If ty and to are the tines required for transmission on 





ee TTT srs 


lias EE 


the No. 1 and No. @ principal planes respectively, then 

whe two component vibrations leaving the photoslastic 

model will be: 
acos“cos p(t-t,) Parallel to No. 1 Principal Plane (9) 
asineicos p(t-to) Parallel to No. 2 Principal Plane (10) 
fhe two vibration components leavitns the model will 

have a phase difference, p(t, - to) which can be shown to 

be proportional to the difference Seafeon Goo pe Lic Loe 1 

stresses. let h represent the thickness of the photoelestic 


model along the path of light transmission, then: 


t, = h/V, and to = h/Vo Cie ip) 
then: 
il 1 Vo - Vi 
t7 - to= h (z- - o aa (725 re 
1 < Ae ViVo ) 


Rewriting equation (5) as 


(Vo - Vy) 
{Oy Fe) = V Vive 


and combining with equation (12) we obtain 


ho 
Spee, = Goel. SG) Cig) 


The phase difference, p(t, - to), of the light waves 
leaving the model is seen to be directly proportional to 
the difference between the principal stresses (04 - 05). 
The phase difference is also proportional to the model 
thickness h and to the material and surrounding medium 
Bpeical constant €/V- 

By placing the analyzer in the proper position, the 
phase difference of the two waves can be determined by the 
interference effects of their comvonents in the plane of 


the analyzer. When the plane of the analyzer transnission 


sy 





1s at rignt angles to the polarizer plane of transwission, 
the components of the two vibrations leaving the photoelastic 
model that will be transritted by the analyzer will be 
Given by the eauations: 
acos @ sin e cos p(t~-t}7) Ca2e)e 

and asin c cos cos p(t-to) (15) 

The two conoonent vibrations lie in the same plane so 
Goey may be combined algebraically to give the following 
Smaci.on for the resultant vibration: | 

acos e¢ sin o /cos p(t-t,) - cos p(t-to) | (16) 


or asin 2% sin p (A15-*2 ) Sin p (* in —) (7a) 


Thus, the resultant vibration amplitude leaving the 
analyzer, equation (17), is a function of both the angle o<¢ 
and the phase difference p(t] - to). So the resultant is 
affected by both the directions and the difference of the 
feincipal stresses at Sach point in the model. 

The intensity of the light transmitted through any 
Specific point in the photoelastic model is proportional to 
the square of the amplitude of vibration. A darx spot will 
Secur on the model ier ever, omic witea, 

asin 2c sig p (32) = 0 (18) 

The dark points are usually linxed together to form 
ioe, represent lm ons ot ie vess ple eccndy Gans; 

(1) Isoclines ~ loci of constant principal stress 

direction (wnen & is zero or ninety degrees) 

(2) Isochromatics - loci of constant principal stress 

difference, (0 1 -@>) (when p(t, - to)/2 is zero 


or nvr where n is en integer) 


sae 
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SCHEMATIG DIAGRAM OF A STANDARD CROSSED CIRCULAR POJARIS20¥: 
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In the plane polariscope, the isoclinic lines representing 
Stress direction and the iscchromatic lines representing 
Peress MAasnitudes “ars superinposed on each othoar. In 
monochromatic light the combination of black lines representing 
mmese two different conditions may be confusing. 

The addition of the two quarter-wave plates to tro 
Beene pOlariscope converts the instrument inte a circular 
pPelariscope. The auarter wave plates eliminate the isoclines, 
So that the image consists only of isochromatic lines 
representing stress magnitudes alone. Ths light beam is 
Meee ircular rather than plane polarized. In selecting 
Meenguerter wave plates it is more important that they 
Meena cach other than that they correspond exactly to one 
euerter of the wave length of the monochromatic lignt being 
Osea. If the deviation is the same for both plates, there 
femme NO error if they are in opposition peeauseuune 
error produced by the first is removed by the second quarter 
wave plate. 

Hoes sinvestigation has been conductedswith ayetangaro 
@eeeced circular polariscope. The photography mas oeen 
conducted with a2 dark field in wnich the quarter wave plate 
ees are also crossed. With monochromatic lismieunse 
isochromatic lines are snown as dark bands known as fringes 
er Orders of interference. Each fringe represents the toe 
ef ali points having a constant value of principal siress 
difference. This condition can be represented mathmatically 


by rearranging equation (13): 


aS eee 





{ - Fringe Constant of the Photoe¢lastic Meterial with 
Units of (l1bs/inch/order) 

me Ordo OL Tice riarence 

m - Thickness of the Photoelastic Model 

Peacveria@ls utilized In photoelastic stress andlysis 
Memeo y 2 linear variation between the optical retardation 
Mmeec.s aid stress magnitude. The change in the diiterence 
memetresses from one order of interference will be a 
Ponstant. 

The zero order of reference must be determined by 
Preerving the fringe pattern grow as the load’ is applied 
to the model. <A zero order or point of zero stress remains 
dark at all times and is used as @ reference in interpreting 
the stress pattern. For the purposes of fringe order 
determination, the stress patterns are divided into two 
myocs; the simple and the complex. £ Simpic stress pattern 
is one in which the fringe of zero order is retained 
resardiess of the magnitude of the loads. A stress pattern 
in which the fringe of zero order disappears is of the 
complex type. With the geometry of the models in this 
experiment it was necessary to observe the sources and the 
general growth of the patterns as tne load was applied to 
fix a reference order point. On most of the models the 


readily observable zero order regions moved off tho mode]. 


sO 





Bene Polariscope Alignment and Use 


ewe Weel a meni onmeor tne polérpiscopes Censisited. OF 
Meera) Steps. The long and the short optical benéhes 
were aligned by cérefully laying out the henches on their 
meepectLive tables and then the tables with respect to the 
ieeoraLtory wali. A tightly stretched thread served as a 
eheck on the alicsnment. All components were placed on the 
@ercal benches @s shown in Figures IX and X such that the 
Moe ball bsarings were ali on the same side of the 
Brecns. The polarizer and analyzer assemblies were 
Reeweroned &@s close to the model as possible. The condensing 
Megocs Convex side should be towards the model. The 
collimating lens and light source spacing was adjusted so 
haw reilected light rays formed as small @ point as 
possible (size of light hole) on the Jight source housing. 
Pie Spacing between the field lens and the monochromatic 
feiter was adjusted so that a small image appeared on tne 
eenter of the filter. The smaller aperture in the light 
housing was used for all photography. 

Peespecial plywood adaptor plate waseitace tea. 
polariscope camera that permitted the use of a portion of 
the camera attachment and Polaroid Film Holder Model 500. 
This photograpniece equipment was obtained from tne Experimental 
Dtress Analysis Laboratory of the Mechanical Engineering 
Department as part of the Photolastic Inc. Model O51 
Trénsmission Polariscope. 


The film used was Polaroid Type 55 P/N. This provides 


-~ AT - 
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beemea POSitive end @ nefative. The negative was pro jected 
Mmeomocreeti 4O iacilitate counting the fringes accurately. 
The exposure time wes about two to four seconds with tne 


Miers point morcury groen source. 


4. The Free Boundary Effect 


The general expression for ObUEinIns Ghesd it ferences 
Meine principal stresses 4t any point in a loaded 
photoelastic model is equation (19): 

eS (19) 

Peo. tree boundary, for reasons cf equlispriun, on, 


meeworincipal stress is present, and it has to be in the 


tangential direction so tnat equation (19) becomes 
ee 
G+ f (20) 
and 
OR a (21) 
where: 


On - The Magnitude of the Tangential Stress 

0, - The Magnitude of the Normal Stress 

ihe pivus or minus signs are introduced because the 
tangential stress can be either tensile or compressive. 

In determining the sign of the stresses around 2 


free boundary we can observe that the nature of tne stress 


1 


around a boundary remains the same 2s long as tne 
isochromatic or fringe lines remain essentially parallel 
to each other. The sign of the stress at a point can be 


determined by inspecting the geometry of the model and 


observing the manner in wnich it is loaded. Around an 


a * Gee 





Mibperior tres circular boundery, we can expect to find four 
Pwroolc points of zero order due to the geometries 


mivolvea Jn tne m@ogel ena its jicad} 


al 
SS 
3 


gp. These poinus wall 


at 


merve LO Separate the two tensile and two compressive 


Zetons on the interior circuwference. 





B. DEVATIS OF PROCHOUR: 


Ae ee ee ee ave we 


il if Gone re i 


ape 


In this investigation, the region of interest is th: 
mercular poinforced free boundary. Relating the weight or 


meuume Of material, the reinforcement geometry, and the 


Serrcicny utilization of material was done through the 


pLress Concentration Factors. This Stress Concentration 
Factor is the ratio between the maximum and minimum stresses 
Mme ocectir on the circular free boundary. 
These stresses are determined by the equation 
as in (20) 


@empreviously given. 


eerreparation and Gonstruction of the Models 


ihe seneral configuration of the seventsen models used 
S@eoio ttivestization are descripsa in fable i. 

The geometries involved in tne components of these 
models was such that several steps were needed to arrive at 
f@emianal shapes of the pnotoelastic material. 

Mor tne Circular and uyvwo ellViplical rote ce 
eae caeir individual curved frame appendages Lares Scieps 
were followed in obtaining these parts. First @ template 
three times the desired final size of each of theses six 
shapes was made from three-eignts inch thick plywood. Tne 
plywood templates were rough cut to size in tne Ship Model 


Shop and then sanded to the exact size. These plywood templates 


Ceres 





Were then used as the guide pattern on @ pantograph in a 
Metallurgy Department Machine Shop. To be compatable with 
the desired three #o one size reduction ratio a 1/8 inch 
Bee-min) and a 3/8 inch guide pin. were used. On tho 
M@emvoscreaph, templates the same size as the desired finished 
Mmeowoclastic material péerts were machined from 0.10 inch 
thick sheet aluminum. These aluninum templates were then 
mmge@uned uSing a fine gunsmith checkering tool file and 
carborundun vatersand paper of 400 grit. Tnese aluminum 
[mepeatles now served as tne guides for cutting of the 
photoelastic material. 

meme sheet PS-5 material was ,ough cum to within 
approximately 1/16 inch of the final desired dimensions as 
eee, Or the protecting paper coverings. The small jig saw 
in the Ship Model Shop was used with an ultra fine blade 
obtained from the Ship's Structures laboratory. Then the 
Chapnian High Speed Tungsten Carbide Cutter in the Ship's 
Beyructures Laboratory was used for the final machining o7 
men re—> components. 

The rough cut PS5=5 components were attached to the 
aluminum templates using double sided masking tape. The 
roughing Suide was inserted into tne Bienespesdse lg cds 
Meemeary.s machined to witnin 0.007 inch of thereat igel 
Mirtseasions. The finishing guide was then inserted aaq Une 
Models cut to their final size. PS=-5 material is not as 


wiecepLible to chipping and the development Of cdge Ssurcsses 


bo 


as some other materials. Care is required in machining small 


~ 


perGs Ssance the cutter is turning at 45,000 rpm and smell 


ae 





Guts Must be taken to avoid grabbing of the cutter. 


The parts vere then separated from the templates and 


a 
(D 


gmspectsa under JOX mesnification on tne Transmission 
Mmerariscope in ths axperimental Stress Analysis Laboratory 
[memewedce stresses. No edge stresses were noted which 
m@aicated that the high speed cutter was being used with 
light enough CuLS. 

fteelit a total of Tifuy one Ciiterent Shoteelostite Percs 
mere machined exclusive of the two calibration disks. These 
Meuse consisted of five four inch square foundation pieces, 
Sixteen reinforcing frames of 3/8 x 1/4 x 4 inenes, six 
meer reinforcemsnts of two inch eee Seto Wa Ge ra le 
meeovical reinforcements with a major axis of two ana ene 
fmeeemincnes snd a minor axis of two inches, six elliptical 
Beearorcemnents with a major axis of three inches and a minor 
mer Oor wwo inches, and three sets of four appendages sac 7d to 
iMeemane contours of tne circular and Sellintical reinforcement, 
Pieees. ithe fillet radius of these appendages was two anmcnes. 
All foundation pieces and circular and elliptical reinforce- 
ments were center bored to one and one quarter inch diameter. 

A wooden jig was tnen constructed which would aid in 
the alignment of the components to be attached to eacn side 
Sieeure three main foundation pieces. This ccmsistedq or 
Paviuies for seach of the parts such that two ribs and une 
two contoured appendages on each side could be cemented ana 
held in alignment while the cement set. 

The cement was Fhotolastic, Ine. PC-1 (Clear) with 


hardener PCH-1. This resin cement matches the properties of 





tne sheet materials. It requires twelve hours to cure. 


= ¢ 


Great care is required in measuring out the two insredients 


L 


fomes tO Maint&ainagns proper relatioltenin of ten paris 


a 


hardener to one nundred parts of the PC-l resin. To assis% 
Mmeeene accurate mixing, a Redding Povder and Bullet 
meeacoading scale was utilized. Tnis seale.is guarantesc 
eaccurets to one tenth grain. Very small amounts of cement 
Mere Mixed as it should be used sparingly and only a few 
feees joined at one time. A polished aluminum dowel pin was 
made to aid in the alignment of the reinforcement holes. 

Bven with extensive care in macnining and alignment, 
toere are visible differences in certain areas on tne models. 
inese differences are probably the cause of some Symmetry 


eoblems incurred while loading tne models. 





De Mode t Confinzureation 
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ihe general configuration of each of tne models is as 


eribed in tne following table. 
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TABLE I 
BASIC MODLL DESGRIPE LON 
MODE™, NUMBER CONFIGURATION 
i Uppoanrorcod rounds tons ieee 
2 Reinforced with Rib Frames on Outside Hdges 
D Reinforced with One 0.080" Circular Reinforcement on 


RoC ie oue > 


A Reinforced with One 0.080" Small Ellipse on Bach Sid 
5 Reinforced with One 0.080" Large Ellipse on hac 
6 Reinforced with Three Vircular Reinforcements 
1 Reinforced with Three Small Hllipses 
8 Reinforced with Three Large tllipses 
9 Reinforced with Four Circulamenc igs -e--ai. 
LO Reinforced with four Small zllipses 
hee Reinforced with Four Large Ellipses 
12 RelarOreced Vay Wary Circular io LO Ome wets 
nS moe LOPES Oe enubest Iviomo Neu eee 
14 Reinforced with Five Large Ellipses 
LD reinforced with Six Gircular Reinforcements 
cEG Reinforced with Six Small Hllipses 
aL, Reinforced with Six Lerse Bitipss 


Note: Models 43 ee 17 all nave tne frame ribs on two 
©ULSidS Sagss and tne apurepris2veSs cantons 200) -c_. es 
sug ¢ against the perticuler Gircalarwers eo Gees 
reinforcements on the holes. 
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im en ideal mudel in which toe matertel disteibution is 
Perftcculy symmetrical, a uniform edge coupressive loed would 
Mesult in a perfectly symmetrical frinze pattern in all four 
quadrants. This perfect symmetry of material and loading is 
Pavher difficult to attain. By the use of cerefully 
Semstructed wooden jigs for the cementing process, it was 


1 


moped to aitain accurate joining of the varicus reinforcing 
eomponents to the basic foundation piece. Then, by tne use 
of a piece of small (one quarter inch diameter) round stock, 
the bearing point of tne load cell on the upper loading frame 
eee COUld be adjusted so that the fringe pattern on either 
mae, Or 2 vertical line down through tne center of the model 


J s | 


Gould be made symmetrical. This was the ideal pattern desired. 
Bee atvtainrent of this was very difficult and time consuning 
@me co the high sensitivity of the fringe pattern to tne 
Mmeort10n of the round stock under the loaa cell. 

Any lack of symmetry above and below a horizontal line 
merouecn the center of the model proved to be incapable oF 
Merrecuion. Thers was no means of ad jUStINng UMewiree 
memimdary on the sidés to aid in attaining symmetry of the 
meee pattern. 

AS a means of obtaining the best aprroximation to 4 
Mertorniy distributed load along the edges under compression, 
Mero 102d was transmitted through a layer or Several sneeve 
Of thin cardboard. The reason for the cardboard spacers 


between the photoelastic model and the loading frame pieces 


- 55 = 





moerelated to tne bound2ry conditions desired. The 


a) 
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Meer? bution Of the stresses In pieces oF roétarnules 
form wnen loaded partially in corpression depends upon 
Poe bOUNnGdaAry conditions. Even if the two surfaces being 
Medd ink compression are perfectly planc, the distribution 
Of the stresses will not be uniform. Under cor tression 
the width of the photoelastic model is increased by ebout 
one Toird of the length contraction. On the surface of 
Semcec., the friction with the aluminum loading frame does 
Met @llow the expansion of the photoelastic material. This 
Meola introduce a lateral compression on the boundary. 
ae best way to obtain @ unifommy or nearly uniform 
Gistribution of the stresses in the model, is to introduce 
eematerial which does not develop tangential stresses and 
Goes equalize the normal stresses. Tihy.se conditions appsar 
mmm rollized by using cardboard spacers. The eilfecs of 
Meemearabo2rd is to allow a freer expansion of whe boundary. 
Hoe adoition to a@idine nabs Une pPOlSson er 1soc eer Omeeuey 
bho cardboard spacers probably also help to distribute the 
toad more uniformly. When the loading was applied along 
ree ecarzes at right angles to the framing direction, eacr 
bearing edge was composed of seven different pieces in 
mge buLlIt up models. Any slight deviation froma perfectly 
uniform edge alignment when cementing the pieces together 
may be somewhat compensated for by the cardboard spacers. 
The loading framo thet held the models consisted of two 
identical top ard bottom pieces and two alignuent rods as 


Shown in Figure XII. 
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To attain a perfectly symmetrical frinse pattern With 
gli these poteutial sources of non-wiifornity was Gifficult. 
mechs fine?l anaLysis, the most uniform petteri attainable 
With adjustments to the pcint of loading was Lhotographed. 
Mme one averige fringe orcer of both vertical and both 
Morizontal free circular bouncary points were uswda to 
megein tne stress concentration factor between the horizontal 
m@eevervical axss. 

Peekiing considerations would serve as an upper limit 
Sememoreh &2 photoelastic model snould be joaded in comoression. 
When @ model sterted to buckle, the curvature of the model 
mmeeaceS Which were originally normal to the cireciion of 
M@ewticht beam would tend to degrade the accuracy of the 


results. 
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Maechis investigation, it was desired tamloga = moceE 
Pome the edges at right anzles to tne direction of framing 
to represent hoop stress in a cylindrical pressure vessel 
mere then the model was turned Ninety degrees so that 
the loeding was along the edges parallel to the direction 
memamine, The load was reduced to a vaiue to produce 
an edge loading of one half the force applied for the hoop 
loading case. This reduced loading on the other two edges 
moto represent the longitudinel stress in 4 cyiindrical 
pressure vessel wall. The ratio of two to one is strictly 
gatid for an unstiffened cylindrical pressure vessel. As 
ring frames are added, these would tend to relieve some 


Of the hoop stress level in the pressure vessel wal] but 


only have local effects on the longitudinal stress levels. 
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These squzsre photoelastic models can be thoushs of as an 
element cut from &@ pressure vessel. The force calance to 
maintain this element in eauilibriun will rencsin the santie 
Reming, tremes are adaed. The loading was therefore 

maintained at a2 simulated two toa one force balance on the 


Maovocolastic model. 


5. Load Cell Calibration 


mao toad cell avyaidable for this investigation wes 
Manufactured by the Seger ae Jorporation. 
DBince the exterior name plate date was not available, the 
meeolen became one of calibrating an unknown universal 
Hoaa cell. By the physical dimensions it was estimated to 
Pemeeer 2D0Ut &@ ten thousand pound capacity and of World War 


Laebdlisnea ais 


C2 


Mmmpeicaet>., The color coded wiringes 
Meenmvivy 25 2 BLH product with a full wheatstone bridge. 
Meer several initial trial a2as6 facto; outs. ea 
Budd Strain Indicator, the value of 0.60 gage facutor was 
Sewermined to give a ons to one relationship betwee: 
microstrain and pounds. 
By the use of a mechanical balance with two pound 


miewement.s in loading, the linearity of tne Ioaq eel wes 


checked up to a five thousand pound logding. 





LOAD CELI, 


Manufacturer: 


BaLDWiN- LILSHAMILYON CORECRATION 

Sere l Numperc 5019 

£stimated Capacity; O-10,000 lbs Tension or 
Compression 


STRAIN InDICATOR 


Manufacturer: 


(el ee 


Menufacturenr: 


BUDD COMPANY 

Serial Number 1895 
Moded=r—550 

Gage Factor Setting 0.60 


RILHLE BROS. 
Serial Number 17079 
Range; O-10,000 lbs in 2 Ib Incréments 


ome 





TABLE IT 


LOAD CELL CALIBRATION DSTA 


mee 


61 - 


instrument Iie ne ru Compressiv 
Reading <4 Le ae Lbs, 
+ 2909 O O 
+ 2689 20 0 
+ 2869 40 LO 
+ 2849 60 60 
+ 2629 SO GO 
| + 2809 1.00 1.00 
me 71 208 200 
ae oO | 308 300 
+ 2500 409 400 
+ 2400 509 500 
+ 229 617 600 
+ 2198 lel (O00 
+ 2090 819 800 
fel} SUS 900 
+ 1891 1018 1000 
ee ele) ie DECC 
ee Oo 2026 2000 
ee BSey 2500 
aa cO C@er 3000 
~= 615 3524 5500 
— 1100 4.009 4000 
— 1609 4518 4500 
BOS Ona 5000 
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LOAD CHLL/MIRATN INDICATOR GTRGUIT 
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E2OP TE 
Active Gage 


Ore 
BoGuiye Gare 

















Sy So (Rea) —— £& 
(White ) 
| 
1204 PeOe 
heuive Gage Active Gage 
| 
P, (Green) | 
t . 
x Indicates Load Cell lead Colors 
Indicates Terminals on Budd Strain 
PVG tea GO 
Full Wheatstone Bridge load te lr 
(Four Active Gages) 
Sensitivity of Load Cell is 0.60 .inch/inch per Ib. 
—— : _ fee _313/4/e7 
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6. Determination of the Fringe Order 


er 


ta 


This Series of Investigations was conduct®d usin ¢ 


? 


CO 
fo, 


monochroitetic lisht source. With the standard crossed 
eireculer polariscope th? axes of the polarizer end analyzer 
are crossed and tne fast axes of the one querter wave plates 
are crossed so as to be in opposition to one another. This 
configuration presents a dark fielo in which the dark 

Memeo in tre isochromatic pattern correspond to zero and 
Memepral orders. By merely rotating the axis of the 

may zo: by ninety degrees so that the axes of the polarizer 
and analyzer are parallel we obtain a light field in which 
Pree derk lines in the isochromatic pattern correspond to 
Pelt orders. 

The fringe order at any particular point is determined 
@ameieeca,ins a point of zero order anda counting the fringe 
Mies crosssd in reaching the point of interest. The zero 
fringe is located by the fact that its position remains 
fixed under @11 loading levels. With the dark field of the 


standard crossed circular polariscope, the entire model is 


dark when unloeded. That is, the zero order covers the model. 


As ae model is loaded, only the zero order points will 
remain dark and fixed under all loads. All the remaining 
portions of the model will alternately be dark or light as 
Mie Loeding level is cnanzed. 

The points of zero order were obtained by cbserving the 
initial loading of the model ard by inspecting the geometric 


fringe petterns around the free inner boundary. There are 





moe pOinus Of zero order or isotropic points on the inacr 
free surface that represent the points where the tangential 
peundary stress eanses Pron @ tengile to @ cofprensive 


c. 
> 


st 


Miress. An obserrvatian of the loedsd modo e2n also be 
made.with white Jight to establish which of the fringes 
Metong to the zero order since this erder will always 
appear black. 

Ey une process of shiiting from a dark filelddece a 
ieeo. field, both the integral and half orders can be 
Meeerved. thereby, tne accuracy of fractione!l order 
Bepsrates may approach one quérter order. ‘tre method o7 
Meotting, the integral fringe orders vorsus angular position 


Peeewnd the inner free boundary also will permit a more 


mecuratc estimate of the fractional order at any point on 


CD 


meee ooundary. This latter metho@ hes been utilized for 
model one and two. Both the }toop stress and tne longitudinal 
poress COMmponents have bee plotted in this manne” and tnen 


the stresses have been superimposed. 
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Prope 


A me 


,1es of P5- 


The photoelastic material used in this investization 
fee manufactured by Photolastic, Inc. of Malvern, Pennsyiveniae 
mee accuracy of the model technique depends upon the qualivy 
Beeereliability of the mod=l1 material. The réecen. Macericals 
develoved py Photolastic, Inc. 2ive Consisveites i clewlaw 


are fres of internal stress, have excellent transparency, 


very low timne-edze effect and high sensitivity. For tne 





fabrication of built up models, adhesives are available 
which match the properules om tne component pares. Garoful 
Selicy control agpures the. sneet properties are uniform 
from lot to lot. 


Po-5 material is an epoxy synthetic resin vita the 


femrowin®e oroperties listed by the manufacturer: 


Modulus of Elasticity (#) LSEQe000 psi 
Poilssor -cenat ton) Ce 56 
Stress Optical Constant 60 psi/fringe/inch 


The estimated tensile strength is 9,000 psi, witn the 
feeero Strength above 35,000 psi. The PS-5 #aterial As about 
Merce 2S expensive as the older CR-39 material, but the very 
Uniform qualities of tne PS-5 material nméeke it better suitsd 


momocuvailed photoelastic analysis. 


8. Determination of the Material's Frinze Constant 


De 


ahe necessity of determining the quantitative 
Pema ticance ofthe isechromatic frimge Dal tcramaee 7 as Of 
stress levels is required for any problem in wnich absolute 
stress values, ratner than relative values, ere needed. 
Evaluation of the fringe constant "f" is a determination of 
the stress-optic constant of the material. 

The fringe constant represents the cnange in the 
difference between the principal stresses that will produce 
erchnanse of one anaes of interference at a given point in a 
PteGenOr matcrial having @ unit taackness. 


The fringe constant depends on the type of material and 


ia 
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may vary rrom one lot to another such that it is necessary 


~ 


Mmemeneck tne calibration eaca tine a nev lot is user. The 


€) 


meauns>s constant algo cepends on tW#e wave lenath of the lisht 
being used in the experinenct. 

the fringe constant was deteesemined for two goroc nropatic 
Meo. sources. The normal monochromatic lignt available 
Mon the frolarizing Instrunsnt Company polariscope iwspthe 
Ship's Structures Jaboratory is mercury sreen witn a 


Ra Sinn? 
¢: mee er 


2 ~ 


os 


wavelength of 5461 angstroms. This wovelensth w 


Mmamesios &2 mercury lamp as 2a light source and @ mercury (Green 


filter. To allow for the possible use of the Photolastic 


© 
ot 


ie. Lransmission ariscope Model O51 with JOX magnification 


mi the Mechanical Engineering Department s Experimental Stress 
Meelysis laooratory, the fringe constant for scdium yellow 
light was also determined. This wavelength corresponds to 


the tint of passage at 5893 angstroms. 


uS One Muse Selecw es 
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ieany Calibrasion techni 
Meemetrical shape and loading for which the theoretical 
stress Gistrivbutiom is accurately xnowny  Snons Viewe ono 
calibration specimens are tensile bars, beams under pure 
Pending, and circular disks under diametmed 1oetdins. 


For several reasons 2 circular disk was selected as the 


Pwaibracion geonmetuay. Among the reasons were thas. tne 


I+ 


the disk represents tne Lype of 


Oy 


Compressive loading o 


Meading to be utilized throughout the experiments so ths 


loadin a JDa27426US used ina consistent fasnion toe ease 
if 3 
ee mechinine and Ghat tne xrincinal stresses at the disk 
eo i 2 


Senber are known from the theory of elasticity. 








moe strings Ordsy mn, al the comer df the disk can 


Sestly be observed With a hien degree of precision. It is 


mou wateriglly effected by any initial sdse str 4c 


CAGE, 
so) hed SD) @ 
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Mnevefore the disk provides a si-ple and acc orste mnaens of 
Severmining the fringe constent of the material in a 
compressive 102d application. 


From the theory of elasticity for the 2ase of a disk, 


the stresses along the horizontal diameter are given by: 
. ” “) 2 
ge ee eee (22) 
Ox = 1 twhD [De + 4x¢ 
; pas 
e = sale 4 
= 0 sages a (25) 


ay ee! (24 ) 


at the center of the disk =U SO "Che SGemrecduce to: 


05 = 2D a Cla (25 a,b) 


T hp and Th ae 
Then: §, - 6. 8P _ a 
TAD cn 


WDNe ( 26 ) 

The fringe order no is a linear function of (P/D) and 
is independent of the thickness of the material. 

Two compressive disks from one quérter inch thick 
material of the same lot number as the models were used for 
calibration vurposes. These disks were machined to diameters 
Mi 2./l0O inches and 2.395 inches. 

A disk was loaded in compression and the load recorded 
peewnich each integral order of interference reached the 


genter of the disk. After reaching the eighth order the 


= (6012 








disk w2s slowly unloaded and the Joads recorded at which 
Pee tringos at the center were reobtained. This procecurs 
Bereerepeated several’ times with both mercury light and 
Peatim yollow ionochromatic light. Since mercury light 
was used throushn out the Investigation, only these results 
Meemancluded in Figure AVI. 

The slope of the load P/D versus fringe order no 
Mees Was Obtained from the graphs. The fringe ccnstant 


was calcvlated using equation (26): 
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macre : 
f - Fringe Constant of the Material (lbs/in/order) 


P/N,- Slope of the P versus n, curve (1bs/order) 


‘ 


P - Diametral Load on the Disk (lbs) 
n - Order of Interference 
ie- Diamezer of the Disk» “Ginchea) 


Further loading of the disk would not improve the 
m@emracy Of the frinsze constant since the assumption of 
Pos, Giametral loadings becomes less valid as tne disk is 


flattened at the points of load application. 
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py Fring? Order (n,) Mercuny Green Ligot Sodium Yollqw_ light, 
| O O (P/D) | O (P/D) 

, al Nas 19.1. 

| 2 46.1 Le 

‘ 5 Bo ae 62.0 

dy CO 85.8 

| 5 Tee 108.9 

| 6 tee 128.5 

| i 144.4 153.8 


8 NGC 15 LeD 
PerouLine Of Mercury ~reenm values isn yee 


o V8 P/D relationship. Sodium yellow 


f 
: 
t 
} 
the slope of tne n 
feos not included in this thesis but the Trings ConsStam: 


meet ven below. 
Mercury Greon 
| BP 8 ae) a 8 ae ' BL 
ae se es Op ere fen Sree eee pont = : 
| ed) a eae ( D (xa a or Cerca ee 


| Average Fringe Constant: 54.6 Il1bs/in/order 





Sodium Yellow 
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Gp. 8 5) (2 \ a 5 
eee ee ee = nen ee 0 
h TE Nad ye ( (2 S) al oh 


Average Fringe Constant: 57.0 l1bs/in/order 
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GC. SUMIARY OF DATA AND CALCULATIONS 


Pe oe orietey and Webehts of Gomponentes 


mera me we * nee ee a eee cee 





dhe Geaisity of PS-5 méeterial is about 317 


~~ 
> 
oof 


mepbe inch where 7,000 grains equals one pound. 


| 


9 


ao) Vo beem@ar VOLUMO OL Some Hnapes 25 2s foliovc. 


rv 


| eee lgr mole in base piece volure is 1r(l 25) i iaaedic 4 
Thas62h, fo ss2420.505 in 
! - 


Meeeular hole in base plece weisht is (317)(0.305) = 96.6 grzeing 
Ring frame reinforcement strip is 3/8 x 4 x (0.245)= 0.368 
S 


Weignt of two full reinforcement strivs 2x (0.368) x 517 =2353.6 gr. 


3 
gotval removed material from models 2 through 17 is 330.2 grains 


Total material removed to obtain a bare base piece is 7Y7.4 


Mees. This includes six full lensth frame strips and tne 


— —— = — = 


center hole. 


TABLE V 


WEIGHTS OF COMPONENTS TO F4k= UP THE MOD-1S 


item No. Discription Weight in grains 
| ar Ring Frame Heinforcement Strip 116.8 
eZ Circular Disk Reinforcement (0.000" thick) 45.3 
| a pia li Elliptical SeTirer ce nen O eo 
| dy large Elliptical Reinforcement GS.0 
5 DUppOrysS For circular Re iio ae Susy.) 
| 6 Supports For Small Ellipse Cfo 
ia Supports For Large sllipse 20.0 


eee 


Model numbers 2 through 17 all have two reinforcing strins on 


Sec Side near the outSide edge to represent Vins iretios. 
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Note: 
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WelIGHTS OF MODI, RETNECRCHMER 


Reinforcements 


Alone 


Rour Edge Strips Addsd 


Two - Circular Reimiocrcemen.. 


Twe oni! @idioses 


Two large BRilipses 


Three 


Circular Reinforcemen.. 


Three Small nillipses 


Three 
Four 
Owe 
Four 
Five 
Peis 


2 


Five 


large Ellipses 


Cut 
Ot 
la 


Gi 


receul@a@r Reinforcements 
aJjl Ellipses 
rse tlijpses 


revular Reinforcements 


omali Ellipses 


La 


Peewee aa s 


Six Circular Reinforcements 


Sixeote. | ailipsec 


Six Large Ellipses 


Column 


Column 


Go Lumn 
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me 
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- Change in Weight 
Share (ie. Models 3, 


O 
4672 
697.8 
(Oe 
(oe 
(45.1 
bce: 
Te 


880.4 
O55 at 


967.0 


1047.0 
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- Change in Weignt Throush the unanging 


Geometrical Shapes 


(Model. 
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Mode Number 
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Note: 


WEIGUTS OF MATERTAL ADDED OVER THE INTAG! oS 


lt. Intact case is 


and with two ring 


Weight Chango 


TaBlLE VIL 


a a eee - « - a ae 


bate 


wee fea 


moiwoy of Hole (srainus 


Ove 
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WW 
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97 ae 
eee. «/G 
ewe 
2 es 
= 2 Ole 
Oe 
-~ 9.0 

+ 39.0 
+ 85.0 
+ 36.3 
oe 
+ 166n5 
+ Sl 
+ 169.6 
+ 249.6 


defined @s a model with no hole 


frame strips on each side over 


the location where the hole would be cut. 


e. Plus sign indicates material in excess cf intact 


Case. 
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e. Fringe Ordsn bats 
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poe 10llovime t2bles are the resuits.of-=xeminiom, the 


Peer iified terativel 
cy o> 


Model 
Number 


la 


Ca 


Note: 


TA Eee 


SUMMARY OF DATA FOR MODELS 2 AND ? 


Fringe Model. | Fringe 

Position Order _ Number Position Order 
000 6 i Lb O00 9 1/2 C 
090 ices) aC 090 Sea 
180 ce ae 1.20 9 1/2 Cc 
276 16 3/4 ¢ 270 5 ee 
000 3 ya 2b 000 6" ers 
090 Sve OSO iL oye 
180 Sa 180 6. 1/26 
270 Onay/ 256 270 ao as 


Model number one loadings were 1000 lbs for the "la" 
position end 500 lbs for the "lb" position. All other 
models wer> loaded at 700 lbs and 350 lbs for tne "a" 


position (parallel to the frames) and "b" position 


(perpendiculer to the frames) respectively. 


C - Compres3ion 


~ = Tension 


- ({ - 
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TABLE JX. 


SUMLARY OF DATA FOR CIRCULAR REINFORGRN NCIEL= 


ee _— 


Model ee daaes Mo ge I. Riera 
Numoer Positicn Onder _ Number Fosition Order _ 
50, OCO 5 yee Tt Sb 000 7 1/2 
090 12 eC 090 2a 
180 5 Wes 180 7 aye 
270 ery ae 20 2 1/4 
62. 000 5 3/4 0 6b 000 9 
090 iS) C 090 2 3/449 
180 527 ae 180 9 
270 14 C 270 3 1/4 
9a, 000 6 ae Ob 000 a 
090 15 C 090 Saye 
180 6 Wap se 180 wh 
270 15 € 270 Boys 
12a, 000 5 3/4 7 12b 000 eye 
OSO als C. OgO Sy 
180 5 we oT 180 gaye 
270 16 g 2G 4 aye 
1528 000 6 iE 15b 000 12 
090 144 C 090 3 1/2 
180 6 zi 180 ial 
2'(0 15 C 270 4 1/2 


C - Compression; T - Tension 
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SUMMARY OF fi 


Model 


Number Position 


4a O00 


fa O00 
O90 
180 


270 


1.02 OOO 
O90 
180 


270 
I 4a, OOO 
090 
180 


ea 


16a OOO 


C = Compression, 
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ie 
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ie 
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We 
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3/4 
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TABLE X 
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Cc a 


- Tension 


‘(bd 


LOTS 


16b 
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O00 
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180 


ere 


000 
090 
1.80 


270 


O00 


ic 
2 


NM 


GC WW 


WN CO WW eS SN 92) So Re LN 


Wm ON 


JA BCR SMA br ELLIE TC al RELY ROnGny NODELS 
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eae 
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3/4 


We 


1/4 


1/t 
1/2 
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SUMMSAY OW DSTA FOR LARGL 211) Pl 1. KEINYORGED MODALS 


\ 


Model Fringe MOtererly E35 i rage 
Number Fosition Order Number Position Orq@er 
5a, 000 5 yee Sh 000 tee, 
090 eA eae O90 27 2k 
180 5 1/2 180 i ce 
270 125 Ae 270 ey eal 


G3, 000 6 s Sb 000 e/a 
090 13 1/4 C OSO 3 ik 

1.80 5 At 180 Side, 

270 ey ere 270 és 7 

lia O00 4 4/k sy lib 000 81/4 C 
090 i t22c O30 D 7 

180 oe 180 Bae 

270 ae) C ee Dd ib 

1a 000 db ef 14tb 000 8 c 
090 14, ei O°0 2 eae 

180 4 3/k T 180 8 € 

e270 ws C 270 5 T 

va O00 4A 1/4 17b 000 & L//ae 
090 14 C 090 4 ie 

180 51/2 7 180 Gea eo 

270 14, CG 270 Sty awe 


C - Comprassion, YT - Tension 





TABLE XII 


SUFUHPOSTSTON OF LO \DINGS. 


Model Average Fratee - oa 
Magoes: Vertical] Ayia, Heieonteal Axis 
1 oe 0 als C 
2 Smee 7 3/4 © 
GC - Gomoression 
i Tension 
TABLE ALIL 


SUPERFOSITION OF 





Model BVerd seh ri gee Oncor sn 
iiemoer Vertical bxis Horizontal Axis 

5 21/46 10 C 

6 4 ae. C lO m2 

g ey o/c 

ie 5 7/8 C 12937 ate 

15 5 1/2 ¢ id. G 

TABLE XIV 


Model Average Fringe Order On 
Number Vertical Axis Horizontal Axis 
4 2 C O97 Eee 
ve Boal 2G See 
10 5 oJ Oceans 
13 Jaa iO 2 /ore 
16 pal ec 9 5/36 


= ‘eee 


ie yas 
WOR 


DOADINGS FOR CIRCULAR REINFORCED 


SUPERPOSITION OF LOADINGS FOR SMALL ELLIPTICAL - 


MOUETS J AND 2 


Syress Concenvratv2on 
Pacer 
ee 
AS 

)_ MODELS 


Stress Concentration 
Bector 


Aas 
Deee 
2.48 
e.g 


2-00 


REINFORGAD_ MODELS 


stress Goncentreation 
factor 


4, 94 


etm > en eee ee 


Soo 
50 FO 
Sate 


2.96 
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SUPERPCSITION OF LOADINGS FOR LARGE BLIIPTIGAL REINFORCHD MODAL S 
mode | Ve Cg cera eee Ol Str sg Concent lon 
Number Voulical Axis foriszontal Axis _ Be sator a. 
5 1 4/4 ¢C 10 G 5.71 
8 2G ome © GC 4.15 
Lal 4 G HUG) ee 3.58 
14 3 3/8 ¢ 10 5/8 © Saas 
Lis 25/73 NiGm/ ae 3.19 


MODEL THICKN?SSES 





The followings average moael thicknesses Rave been 
determined by use of a micrometer in the region surrounding 
Mee circuler noise as the reinforcements Were 2dced foo 


values are used with equation (20) to determine the stress. 


VBE AVL 


nee ae ee te wee 


MODEL THICKNESSES 





Model Numbers Number of Glue Lines sverane Mhtckmess (A) 
lc O 0.245 inches 
By 2 0.408 inches 
oF 738 4 0.490 inches 
O97 10,11 Ay O. 575 .2me nes 
Nee o> eee 5 0.655 inches 
Ee Oy len 6 0.745 inches 





TABLE XVII 


SUMMARY OF STRESS LEVELS FOR CIRGUIAR REINFOICEY MOTELS 


pode | SUPSCE WPS it 0m Of Atminsgs PULUPoae BWOnNcen Gram Loi 
Number Vertical Axis Horizont 1 SiS  opblecteres 
4 Ope e ne) ero ee AAS 
6 Scene oe : wee 
e 451 C 1 Loe 2.48 
Le 400 C 1064 CG eae af 
15 409 C 818 C eeu 


DB aay oie 


SUMMARY OF STRESS LEVELS FOR SMALL ELLIPTICLL REINFORCED MODELS 


ee a ee 





Model DUET DO Bin hen OF Die seo o. otress Concenurat ion 
Number Vertical Axis Horizont NLL Axis. _». 9 Paguom ee 
dt Game (oSsi) 132m CG (ps3) dO 
7 ZO 1045 C Oa 
10 285 6 9€3 6 Sao 
does) Bc B45 6 By le 
6 242 C Talis 2.96 


TABLE XIX 


SUMMARY OF STRESS LEVELS FOR LARGE ELLIFTICAL REINFORCED MODELS 











Model DUVET DOG tLOn Ore pia eoes. Stress Concentration 
Number Vertical Axis “Horizontal Axis 2. et PSC UCra 3 
5 234 C (psi) Ht One og) ee pill 
5 278 GC iS See ALIS 
11 285 C 10213 ee 
14 eoe G 885 C Bale 
A Coin o COO C Sg 
ae 





TA Big een 


OUMBBRY OF STRESS LiVelLS Pox LE BOpabs 


“eres -— —- 


rode J Super pon tes on oF Biressos Ntirce® Concentreuion 

Number Vertical Aris Horizontal Axis Factor oo. 
1 (eG wees) 2898 C (psi) eae 
2 tase’ ec ae oe 50 
3 50 Sue ae igce 4645 
4, 268 CG 12 2asC 4, 94 
> 254 C oC ae tpl 
6 96226 ie Oe Be) 
‘{ 278 © 1045 ¢ Dien 
8 oie Lec AS 
9 A51 C dee 2.48 
10 285 C 964 © 54.56 
Wa 285 C 1C2ieG Bao 
le 4900 CG 1064 ¢ ae y 
1 271 G B45 C ore 
14 282 C 885 C¢ Dies 
5 409 G 518 G 2-00 
dG 242 C ee 2.96 
ae oO laae 800 C 5-19 


Equation (20) was used to determine these values. 
t h 


where 
0, - Tangential Stress on the Free boundary 


f - Fringe Constant (54.6 lbs/in/order ) 
h- Thickness of model from Table XVI 


n- Order of Interference from Tables XII to AV. 
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2. Comparison of Photoelastic and Strain Gase Tachniaues 


1o 


Jpon completion of the use of the models, a cut was 
Taken on the smatl elliptically reinforced model hols go as 


GO true up the edges. A strain gage wes then mounted on 


CR 


i 


owe ot0e Of the hori zonvel @xis and the mode]. loaded to 
(O00 pounds in line with the frames. 

The photograph in Figure XXIII shows the fringe pattern 
with the strain gage mounted and tne model under cempression. 
The strain gage had the following characteristics: 

Gage Type: EA - 13 ~ 250PB - 120 
Resistance: 1202 0.2 ohms 
Gage Factor: 2.09520.5% 


lot Number: AIAAFA6 


Ha auerver bridsescircuit USine 2m aac s yea 
as the external dummy, tne strain was 2670 m¢ewnen the fringe 


order was 16 on the free boundary. 


By equation (20): 0, = Bf. EP E 6) _ 1190 psi 


aus 
On 


1 


From the Strain Gage: oF =) 6 Ba 207 om. ieee x 450,000 


= 1202 psi 


fhis shows an agreement of about 1% in the two techniques 
ef expsrimenteal stress analysis... Tits s ee ee es 


tnan enticipated, 





D. ORIGI®AL DATA 


ot 
Cor 
onal See 


Fringe Pettern Photogreph:. 


The fringe orders have been estimated to the nearest, 
One@eusrver order on the four cardinal axes. To aid jet he 
accuracy the negative for each model from the Polercid 
Type 55 P/N (Positive/Negative) Film was projected such that 
1G Weeeenlarcec at Jees, fen timege this masnificatics 
effect was necessary in Order to @devermine the gaat ecnances 
weesed by each additional thickness Of We into. Ciome meer. = 
fies DacLures became progressively more Giiiiculietoeme 1 7c 
as successive layers of reinforcement were cemented to eacr 
Gi the thres basic geometrical foundet ion picces. 

& reference frinse order was @etvermime@e: cecum eco | 
aS it was being icaded and so noted forgevaiteron of wee 


negatives. 





FIGURE XVII 
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FIGURE XIX 








FIGURE XX 


FRINGE PATTERNS FOR FOUR REINFORCEMENT THICKNESSES 
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MODEL 10a 
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FIGURE XXI 


FRINGE PATTERNS FOR FIVE REINFORCEMENT THICKNESSES 





MODEL 14b 
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FIGURE XXII 


FRINGE PATTERNS FOR SIX REINFORCEMENT THICKNESSES 
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MODEL 17a MODEL 17b 
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FRINGE PATTERN AND STRAIN GAGE 
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